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SUMMARY

This final report summarizes the work performed under contract No.

= e

X NOO014-84-C-0408 to Office of Naval Research and is accompanied by the

h software listings of the developed code.

4 X

QE . The goal of the multipath project is to develop techniques to make use of

3 33 the multipath relections of acoustic signals travelling in the ocean to
localize and track radiating sources. There have been two main areas of study

;f. i under this contract. First area concentrates on the detection and estimation

of the multipath (or differential) delays in the received signals; the second
is the development of localization and tracking algorithms.

-;';-‘_-
B

.. Previous work on the multipath project included the development of

_. differential delay estimation algorithms as well as theoretical studies

2 resulting in bounds on the variance of estimating multipath delay. Bounds
were also placed on the accuracy of estimating various so-called track
parameters -- speed, depth, and range at closest approach of the target to the
sensor array.
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Under the present contract, software was developed to estimate multipath
delay using real or simulated data as input. Also under the present contract,

N

; - tracking algorithms were developed. More specifically the following are

:'::l \: accomplishments of this phase. vt o o o - -

W

: ﬁﬁ 1. A real data processing system was developed for the purpose of

%J v estimating mutipath delay as a function of time. This system was

;E 7 composed of a correlogram generator and a line tracker. A

oo correlogram is a picture whose rows consist of normalized correlation
functions at different time instances. The correlation functions

3 fE peak at the value of the differential delay and align to form tracks

?; 5 in the correlogram. The line tracker pulls the differential delay

o 53 curves out of the correlogram. The correlogram generator produces

N SCOT, ML-, PHAT- and un-normalized correlograms. The line tracker

s; :f uses the ADEC line tracking algorithm. This software was developed

By - on the AP120B array processor on VAX 11/780 for high speed
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;ds computation.
::; 2. Two types of track parameter estimation methods were developed. The
*;‘& first makes use of the measured value and functional form of the
|
‘:::. delay curve at various points in time. The other fits an estimated
_ b delay curve to the measured delay curve, and estimates the track ]
?';:1;3 parameters as those giving the best fit to the data. Target is y
% assumed to travel along a constant-depth, constant-velocity straight- 3
Y line course, and the parameters of the target's path -- depth, v
N
A velocity, and closest point of approach -- are estimated, thereby
;,:;' localizing the target. The tracking algorithms were implemented in '
i::; FORTRAN 77 and evaluated using the real data provided by ONR. The
4
::: results are encouraging in that these methods allow tracking of real :
[) J
it underwater targets.
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TRACK PARAMETER EXTRACTION USING MULTIPATH DELAY
AND DOPPLER INFORMATION

% R

0. INTRODUCTION

=

Acoustic waves propagating in the ocean undergo various reflections and
refractions [1]. Because of this multipath propagation, acoustic surveillance
systems receive several different delayed and doppler shifted versions of the
source's signal. The relative delays and doppler shifts contain valuable
information which can help localize and track a target [2]. Consider, for
example, a single multipath reflection depicted in Figure 0.1. The time delay
between the signals propagating in the direct and reflected paths is a
function of the target/sensor range and target and sensor depths. Similarly,
the doppler shifts of the direct and multipath signals are functions of the
velocity and range of the target. Therefore, a history of the delay and
doppler shifts can lead to knowledge of the so-called track parameters --
speed, range of closest approach, and depth.

B = &=

;s

M

In this report, techniques for extracting track parameters from delay and
doppler information are presented. Bounds are placed on the accuracy of these
estimates as well as the accuracy of the delay and doppler measurements.

Cases with one target, one and two sensors with and without multipath are
treated in detail.

The structure of this report is as follows: Chapter one details the

[ 9
-

) ¥ e

geometry and signal equations for a single sensor and target. This chapter
also discusses the measurement of the delay and doppler shifts from the raw
data. Chapter two presents the delay and doppler formulas for a single sensor
and single target in the presence of a surface reflection. The accuracy of
track parameter estimators using delay and doppler information is also
discussed in Chapter two. Chapters three and four develop methods for
extracting the track parameters from delay and doppler information for several
sensor geometries; and chapter five contains some concluding remarks.
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There are four appendices: appendix one discusses the effect
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I1Tustration of multipath due to a surface bounce for the case

of a single source and sensor. D = (1/C) [(R2+4z§+4zsz

multipath delay. C is the velocity of sound in water.
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differential doppler has on the measurement of differential delay. Appendix
. two presents an example of track parameter estimators applied to a real data
set. Appendix three discusses the accuracy of depth estimation using

L‘ : multipath delay. Finally, appendix four contains software listings.
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1. MULTIPATH PARAMETERS FROM RAW DATA

In this chapter, the extraction of delay and doppler information from raw
data is discussed. We consider here the case of a single multipath reflection
(Fig. 1.1). The signal at the sensor will be roughly given by

y(t) = x(aylt)et - D (t)) + glt)x(a (t)et - D (t)] + e(t) (1.1)
where
y(t) is the signal at the sensor
& (4) is the doppler shift in the direct signal
d

am(t) is the doppler shift in the multipath signal
Dd(t) is the delay in the direct signal

Dm(t) is the delay in the multipath signal

g(t) is the gain of the reflected signal
e(t) is the sensor noise
x(t) is the target signal

It is assumed that e is uncorrelated with x; the doppler shifts are small:
ags ap " 1 ; and the delays, doppler shifts and gains are slowly changing

with time: | | ‘3t , ‘at' << 1; and 0 < |g| < 1.

1.1 DELAY

Assuming 2y = 3 = 1 , the Cramer-Rao lower bound on the variance of the

minimum variance estimator of the differential delay, D = |0, - O |
reasonably small for signals with a large bandwidth-delay product [3]. When x
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Figure 1.1 The received sensor signal in the presence of a multipath
reflection.
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A, and e are uncorrelated lowpass white noise processes with bandwidth w, the
" i' variance in estimating D from the signal y(t) = x(t) + g.x(t-D) + e(t) is
Yy

y bounded by,

>
SR W
e

;-hn'n

0 var(D) > 37— » SNR <1, WD > 1 (1.2a)

' Tw™ g~ SNR :

’;’ ' VAR(D) > —%r(1-g° SNR >> 1 > 1 (1.2b)

: > ;3—2-( -g ) , R , WD > .

YR 9

U

¥ R where the signal-to-noise ratio (SNR) is the ratio of the power contained in
- the signal and noise. The maximum 1ikelihood (ML) estimator achieves this

’; o bound, but involves a computationally intensive minimization of a complicated

-J )

g cost function [2].

2 a

b

( Maximizing a simplified version of the ML cost function results in the

autocorrelation method of multipath delay estimation: the delay is chosen as

9 the value of 1 which maximizes |Ryy(t)| , the absolute value of the
autocorrelation function [2]. The autocorrelation function is relatively easy

T x5

to compute, and is commonly used for delay estimation (4].

R

The variance and bias in estimating delay using the autocorrelation
method based on data over a time period, T are given in [2] by

y

Y, * 3 1.2
>, Var{D } = TZ(S_WR-) s SNR << 1, WD > 1 (1.3a)
AN Tw™g
3 LS
q
N BIAS = < —5 /%-+ E+ g+ —292 (1.3b)
S wD 9 as
(N X
by Note that for low SNR, the ML estimator and the autocorrelation estimator have
t: - essentially the same variance. Therefore, for sufficiently large bandwidth,
ff i Tow SNR signals, as is usually the case in underwater acoustic surveillance,
N the correlation estimator will perform almost optimally.
-
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% Tracking Differential Delay D(t)

For O(t) << 1, and ay =g = 1, the autocorrelation function and power

R, spectrum of y(t) are given by y
K ;
YAy 2 .
Sl - -
T.'| RYY(T) = (1+g )Rxx(f) + ngx(T D) + ngx(T+D) + Ree(T) (1-43) :
2
thl Syylw) = (1 + g + 29c0swD)Syy (w) + Sy lw) (1.4b)
e
:': From (1.4), it is easily seen that when the width of RXX(r) << 1 , peaks of
RYY(r) will occur at the value of the multipath delay as well as at zero
;lj delay. g
b |
-f“ When the SNR is low, and D(t) is slowly changing with time, D(t) is most tﬁ
Aj often found using a correlogram -- a 2-D gray level image whose i-th row is
)
%b the correlation function taken at t., E(Y(ti)Y(ti+r )) See Figure A3.1 for
ﬁ example. Peaks in the correlation functions comprising a correlogram will
in merge to form lines tracing the history of D(t). K
’ ¥ |
Aib Doppler Effects
i
.',~|
) - Since the direct and multipath signals are arriving from different }
5 directions, a moving target will cause a relative doppler shift between the ij
:Q‘ two signals. The autocorrelation of the sensor signal will become
0‘ -
Y o
& 2 d
- Ryy(tst) = Ryyl(t-t)ayd + g Ry [(t-t)a]
) 3
,::: + gRXX[Gdts GmT - D] + gRXX[(’dt’ Qm'l' + D] + Ree(t‘f)] (1.5) .,
tﬁ where 25
g.‘ Ry La,b] = EDX(a)X(b)] , and Ry [c] = ECX()X(t<)] ]
' 1]
ol As shown in Appendix 1, the secondary peaks in RYY(r) which are used to 4
, A estimate the delay are reduced as the differential doppler, ay " G Eﬂ
QP increases. That is, the direct and multipath signals become decorrelated as a
L (I T N AR KL A
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result of target motion.

The differential doppler is greatest when the difference in the
directions of arrival of the direct and multipath signals is greatest. This
occurs at CPA, the point of closest approach of the target to the sensor
array. The fading of the correlogram lines near CPA in Figufe A2.1 is in part
due to this differential doppler ef’ect.

1.2 DOPPLER

Assuming Dd = Dm = 0 , substituting t' = log t into (1.1) gives

Y{t') = X(t'+logad) + X(t'+logam) + e(t') (1.6)
Note that since e{(t) is white gaussian noise, so is e(t'). Therefore,
estimating differential doppler in the absence of delay is equivalent to

estimating differential delay in the absence of doppler.

The ML estimator of doppler shift achieves the C-R bound of

2d 3a 1
Var(log—) = ——= , SNR <«1 (1.7a)
an it 3g2 gyR?
a
Var(1og;§0 = 167, SR> 1 (1.7b)
W' g

where W' is the bandwidth of the log sampled signal, X(t'). The
autocorrelation method of determining differential delay estimation, looking

for the peak of E(Y(t')Y(t'+loga)) , i.e., the peak of E(Y(t)Y(at)) , has
variance

3n

w‘3gg SNR

L SNR << 1 (1.8)

Var(loga) = 7

where it is assumed that 10gaq « W' << 1,

Tracking a(t)

a
The doppler ratio, 4 = M js often seen using dopplergram. Analogous
%4
9
Tt T A e A T T R T O T T T DU S N PR N S P
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*
a to a correlogram, a dopplergram is a 2-D image whose i-th row is
&
i E(Y(ti)Y(ati)) . Lines in the dopplergram show the time history of alt) . b
; 1
3 Delay Effects i
‘ As differential doppler decorrelated the multipath and direct linearly ‘3
4 sampled signals, differential delay will decorrelate the multipath and direct L
3 Tog sampled signals: .
- ﬁ:
) * -~
' E[Y(t)Y(a t-D)] - gRXX(D) < gRXX(O) (1.9)
gz
N where a* is the correct value of the doppler ratio. Differential delay is R
ﬁ greatest at CPA. Consequently, one would expect fading of differential }¥
p doppler lines around CPA. !
{
ﬂ
b Absolute Doppler §§
&
, As a final note, absolute doppler information can be obtained by "
; following the motion of narrow band components in the spectrum of the received
' signal. A 2-D image made of spectra taken at different times, a spectrogram, :{
N W
i is often used for this purpose. -
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2. DELAY AND DOPPLER EQUATIONS, AND ACCURACY ANALYSIS

This chapter develops basic delay and doppler formulas used in finding
track parameters for measurements of differential delay and doppler; bounds
are placed on the variance of track parameter estimators using these
measurements. It is assumed here that the ocean is a homogeneous medium with
a reflecting boundary at the surface (z = 0).

2.1 DELAY AND DOPPLER EQUATIONS

With a sensor at (XS, Ys’ ZS) and a target at (vt, YT’ ZT) , the
direct, multipath, and differential delay between direct and multipath signals
are given by (see Figs. 1.1, and 2.1):

Dgft) = [Vt + (¥ vp)? + (220212 c (2.1a)
0a(t) = [xv)? + (v v)? + (242071 2 (2.1b)
D(t) 8D (¢) - D,(t) (2.1c)

where C is the speed of sound in water. The differential delay rate and
differential delay curvature are:

3D _ Vv 1 1
== E_z_ (Vt-X )[D__ - ﬁ(;] (2.2a)
2 2 (Ve-X_)
3 D_ve 1 1 1 1
S = -7t ____1_[_3. - 1.] (2.2b)
at C- m d c Dd On

The doppler shift of a source frequency, fe is given by
= Ty -
f = fs(l + =) = fs.5 (2.3)

where f is the received frequency, and V. is the velocity of the target along
a line connecting the target and sensor, and & is the doppler shift. The
direct, multipath, and differential doppler shift between the direct and

. - -J o J"'- - . ~ ‘- .. 'V' " - -‘; \l . -““-‘.'I ""I""“\“/‘.)‘-‘Y.
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mul tipath signals are given by

(e =1 V(VE-X,) ) ab 4(t) (2.42)
6 t = + = + —— .
d 'C'Z'D'd' 3t

(1) ! V(Vt-XS) ) aDm(t) (2.40)
s.(t) =1+ =1+ .

m “'C'Z'D‘m_" Tt

. _ ()

s(t) = sm(t) - sd(t) = St (2.4c¢)

The differential delay between direct paths from the target to two
sensors is given by

012 = Dd1 - Dd2 s (2.5a)

where Dd1 and Dd2 are the delays between the target and the individual

sensors. The differential doppler between the direct paths of the two sensors
is again given by the differential delay rate:

] (2.5a)
8§12 % 8417842 T 3¢ -8
2
%12 _ 201 (2.5b)
3t "‘t'Z :
)

2.2 ACCURACY ANALYSIS

It is of interest to know how well the track parameters can be
estimated from multipath delay information. The C-R bound can be used in
conjunction with the above formulas to put a lower bound on the variance of
any unbiased estimators of the track parameters.

C-R BOUND CALCULATION 1

It is assumed that data is available during the time period (-T,T). Over
this time period, the data are nonstationary. Since the C-R bound can be used

13
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only with stationay data, for purposes of determining a bound on the variance
of the track parameter estimates, it is assumed that estimates of track

parameters are made from sub-intervals of time of length at (over which the
data are assumed stationary) and linearly combined to form a single estimate

of the track parameters. In this case the variance in estimating a track
parameter, @ is given by,
!;. -1

(2.6a)
N o2(1)

)

and 8 is given by,

N oAy N
o) v i) (2.6b)

8= (
i=-N ag(i) =N @

where the variances, qg(i) are bounded below by the C-R bound,

Og(i) >r9_%-ﬂ- (2.7)

where, Ie(i) is the Fisher information matrix element corresponding to the
parameter g at time t1 .

The variance in estimating ¢ from time delay measurements over the
interval (-T,T) is therefore bounded by,

§ N
T 1 (4)
=N ®

which can be approximated by,

25 [ f 1.(thde]t (2.9)
e~ o

for large N. The Fisher information matrix element, I (i) , can be evaluated
exactly using methods described in Appendix 3. These expressions are
algebraically complicated, and difficult to manipulate. If it is assumed

that all track parameters but g are known, then Ie(t) is given simply by,

SRV
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(6 = (% (e (2.10)

where ID(t) is the Fisher information matrix element for the delay, evaluated
in section 1. Note that the Fisher information above is larger than that
calculated assuming the other track parameters are unknown. Therefore, the
resulting bounds on the variance of the track parameter estimates will not be
tight.

A

Using (2.1), (2.10), and (2.9), a lower bound can be placed on the
variance of track parameter estimates,

o, |

> ; (3°‘t’)2 I (t)de]™!
where, from (1.2a),
Io(t) = wa’snR?/3

for low SNR broadband signals.

OEPTH ESTIMATE VARIANCE

Assuming other track parameters are known, the Fisher information of
the depth estimate based on delay measurements is given by (2.10) as,
(2,-2)2 (14202 12+ 12

D D d'm
d m
Using (2.21) and integrating,

1 w3925NR2

1
1 (t) = =
Ly c4[

2
(Z.-1.) (Z,+2.)

<( ).{_..I_§._ = L+..-I—.s—.tan LI,

3¢y %q %n

-1 <

02
iy
zg - z$
———— tan

%d

+ 2
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4
" )
o - (y8 7 2y 1/2
K
| _ 2,1/2
|/
2 2,1/2
fi =
) a, = (Y + ZT + Z )
.
N In the case of,
"
?. XT + VT <« Qys G @, (2.14)
and,
ut
§ 2 2 .2
2 YT >> ZS’ ZT (2.15)
3
], 1
& —r— reduces to,
T o
B Iy 1 wdswe® 4zl
: - —) « (=) - 2T (2.16)
x, a7 3C YT
o T
Notice that this expression is proportional to T, i.e. the more data
'g available, the lower the variance. Also notice, as the depth of the sensor
ﬁ increases relative to the range at CPA, the minimum variance is decreased.
|
"
When (2.15) and,
'y
"
:i: |XtVT‘ >> ad’ Qm’ a+ (2-17)
):.
).q
hold, i.e. most all of the delay curve is available,
2
; 3 2eupnl 47
by — s (LR (2.18)
{4 g 3C T
Iy ZT
: In this case, the variance in estimating the target depth is dependent on the
' sensor depth, the deeper the sensor, the better the depth estimate; and the
X target velocity and CPA range, closer slower moving targets give better depth
W estimates.
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: Y OFFSET

With (2.11) and (2.1), -%— is, in the case of other track parameters

: ‘3 known, given by, GYT

{2

.

& 2

7= (v )G tan T oot tan = (2.19)

Eg ay C d d m m

’ T =X, VT

' -2 gl *

: %+ Gy L paX VT

i § T

[}

. If only data near CPA is avaliable, i.e. (2.14) applies, then under (2.15),

e %— reduces to,

;l "1 3 20 22 12

> Lo (MR ary (2 (2.20)
o 3 7
YTZ 3C YT

N 2

b - In other words, the g, is reduced for increasing Z., Z,, and T and

: 3- YT S T

' N -t

t

decreasing target CPA range.

When a 1ot of data are available, i.e. when (2.17) is applicable,
03 becomes,

vos, B

- ! 322 2% 72
X 1 wg'SNR® 8 s T (2.21)
A Wi v —T— .
h ! GY 3¢ YT
- T
k In this case, more data no longer significantly improves the estimate. Note
:E here that the slower the target moves, the broader the delay curve, and the
b better the estimate.
{3
- X OFFSET
i,
3 -,
E Using (2.10) and (2.11) the variance of the X offset can be bounded by,
x
A 17
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s 2 a kD

'r

vy

3 2o . ) ) =XV
A WG MRT tanh I eant ok ggtant )T T (2.22)
ay 3¢V d m + 1T
T
Under the conditions (2.14) and (2.15),
zzz2 '
_z_ < _9_4_ 3vidsdy (2.23)
Y

Note here the heavy dependence of o§ on v,T, and YT : the more data
available near CPA, and the more peakzd the delay curve is, the easier it is

to estimate qi
T
When (2.27) applies,
2 .2
3 2 2 Z z
1 (W9 MR St (2.24)
T

In this case, the estimate variance is no longer as dependent on the shape of
the delay curve or the amount of data available.

VELOCITY

Again, using (2.10) and (2.11), a bound on the variance of the velocity
estimate can be found as,

3 2.2

lZ' $ "‘—‘LEER_ . l:;'[(q;g'can'l = a‘?‘tan'l —- Zai tan™! =)
oy 3c v d m +
K; 2
d 2 2 2 2
+ ZXT(i- Tog(ay + rZJ *+ 5~ 109(ay * cz) - aE 109(a, + 1))
=XL++VT
+ XZ(-a tan"l I a tan"! -+ 2 tan] ) T (2.25)
d m
%4 %mn %4 % =X VT
When (2.14) and (2.15) are satisfied,
222
__Jljr___ (2v T +xTv4T4+ §-x$v373) (-15[) (2.26)
°v YT
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Again, the estimate variance is sensitive to V,T,YT : lower variance
estimates are obtained from data near CPA where the delay curve is more

i peaked.
:I: .
Ly
%_ - If instead of (2.14), (2.15) is applicable, then
o
- 2 .2
" l! 1 . Zuw397$NR2 (Z ZT] (2.27)
1 4 4 *
. oy 3¢ v YT
N
;; S; Notice, in this case, the variance of the velocity estimate increases with the
i "sharpness" of the delay, and not the "flatness" as was the case in (2.26).
S
;: s SUMMARY
I
AR
' Y In summary, provided the delay estimates are good, i.e. the banwidth of
- the signal is large enough, and provided the aperture size of the array is
'% ;j large, i.e. Zs is large enough compared to the CPA range of the target,
K : reasonably small lower bounds on the variance of the track parameter
o ﬁ estimates are obtained.
e
:% S Tighter bounds on the track parameter estimates as well as bounds for
:ﬁ o estimates based on inter-sensor and multipath delay information from two
%
%L sensor arrays are presented in appendix 3.
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3. POINT METHOD OF TRACK PARAMETER EXTRACTION

Techniques for extracting track parameters from correlograms,

E“‘ dopplergrams, and spectrograms are presented in this chapter. The parameters
k- :3: of interest are V, the velocity of the target; zy, the depth of the target;
A . .
W Rcpa, the radius of closest approach to the sensor array; and ¢ , the bearing
; !E angle relative to the array.
J‘ \ J
Wy

3 o 3.1 SINGLE SENSOR

R

The case of a single sensor at (0,0, Z;) and a single target at

ﬁ? Eg (Vt,Y7, Z;) with one surface reflection is considered first. Figure 3.1
:‘? shows the correlogram for this case. Differential delay rate, estimated from
?é %5 the dopplergram is plotted in Figure 3.2. These measurements lead to

2
(: estimates relating RCPA’ Y, and ZT . Measurements of the doppler shift of
;3“ BS spectral lines give velocity as well as RCPA estimates.
1,
gy -
a* “ Delay Measurements

\ ,
}% _ When the target is far away from the sensor, the differential delay
i%g ‘i} becomes less dependent on the relative y-axis positions of the sensor and
SO target. As |t| » » , a relationship between z; and V can be developed.
¥ |
o From (2.1) for |t| > 1,
L 2

O' : (Z ‘Z )

RS Dy - (Vo2 e 2 e L STy

W (VE)"+Y5
- L

N 2
S PN ROV V- SO W Ll s &
(OO Dm [(Vt) + YT] [1 + f——ﬂ-]/c .

‘\-; N (Vt) +YT
W 211
“: :§ D=0 - Dd - s T
% n C[(Vt)zi»Y%]ll2

/ .i-‘
k%
f,; Since for {t| > 1, (Vt)2 >> Y$ ,

" [

.:-: .’:

>y

) 21

g A 2T AN HLEIOE ot i g T R L T Ea o e o L L
IR R R SO TR g VS S , T g

r - P e Fop T o " r
:&‘S‘t’.';‘:’n 5- S v.'o.a PR .'.'fv'd o,




i & fndiandlindie b = v oMl TR ST O TXR ORI T N MR I P TR T R e

..
%l
SeRN »
bt
R
b
248! ;
X, 1
IS
i
‘I & »

-

MLe-cOrreiogram: 31Mgle senser

.

,..,', ‘--‘I" -
. -
o
©
-
- wn
Y
-

@ -Q 1S S i i - n :
-40C0  -000 -000 -1000 0 1000 2000 W Ly

i"- time ;e
[}
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Figure 3.2 Differential delay rate (differential doppler between the direct
and multipath signals for a target located at (Vt, D, ZT)
passing by a sensor at (0, O, ts) .
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ol
4
. 22,1

B - s°T .

s D VT ¢ t]>> 1 (3.1) :

‘45 Performing a least squares fit of ,/t to the tails of the measured D(t)

:% yields the relationship: $
s ;.

: vl - 'z%— , (3.2)

!«‘: S

w0 ) )

;;E where , = min[D(t) - —%] for t > 1. ;.

> 0 2

R |

A relationship between R.p, and Zy can be found by examining D(0), a readily gy

o . . ) 2 2,172 .

ff? available quantity. From (2.1) and, Repa = Dd(O) = [YT+(ZS - ZT) i o

b C0(0) = [Rapp * 2,212 - Repy (3.3)

;%: Solving (3.3) for RCPA . 3
<
ol R = 2251y _ Cn{0) (3.4) -

WY CPA CD(OS 2 : .

jk? Using a velocity estimated by other means, Rcpa and Zy can be obtained -

o using (3.2) and (3.4) with a few measurements of D(t). ;t

2 Doppler Measurements 2

.'\.‘: "

'ﬁj By following doppler shifts of lines in the spectrogram, V and Repp can 3f

,}{ both be estimated. Figure 3.3 shows the spectrogram of a constant velocity ok

'l

i target emitting a single strong spectral line. Using (2.3) and (2.4), :
s v ‘
"y ‘. ._
" V(Vt-X,)

N _ Ty - S

..'-'C f = fs(1+ r) f5(1+ —CZ_D—_) (3-5) 5
“* .
> VE-Xg d

< as t » -=, Od + Dm - and )

,

. 5 v i ]

3 Frfoax = (1 *g)fs (3.6)

o i

Vi Similarly, as t + += ,

&Q 4
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Figure 3.3 Doppler shift vs. time for a constant velocity source
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IS fofin2(1-0F . (3.6) "

[ -

4 from (3.6) and (3.7) an expression for the velocity is obtained,

iy )
2

s 1 |
. fs =7 (fmax = fmin) (3.8)

=X1

B and

4 f - f . ‘.
) max min
N max * 'min
& Range information can be found by examining ‘%% at CPA: §§
‘ L %]
-l
| f. 3V
ko i€_| -2 (3.10) r.
K % cpa 9% {cea 0
(. from (3.7) "
; : 3
2 LTI 2% Dg ‘ - ;ik_vz (3.11) |
X 3 S at° lcpa CPA é
7 The time of maximum differential doppler is easily obtained from the E?
E dopplergram, and relates the direct and multipath CPA ranges. The maximum -
e differential doppler time, t*, is given by (see (2.4)), ©
hf!
;: .D.(t) - am(t*) - .D.d(t*) = 0 (3-12) wry
] b2
i I
™ Using (3.2)
2,2 133 b3
V t* Dm-od i
¥ OnPq = 7 152,7 )
% md r3
'
v2¢2 k
. 0202 = — 0% + 1 p
, mld =~z { mPq) ‘:a
p? "
N Assuming U;U;— <« 3, N
. v2¢2 ﬁ
7 Dde 3 _TC .
A\ A
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Therefore,

2 _¢?

t* = 3_VZ'Dm(t*)Dd(t*) (3-13)

* D(t*)

G(t*) = D(t*) = 3'{;— ’ (3-14)
Using (2.1), (2.2) and

R, =Y.2+ (Z_-Z )2

d T s °T
Ry = Y2 + (24107

the time of maximum differential delay is given by,

2 2 2,2.1/2

ty = g7 (&G + &+ (/] + RO)% + 3erGrE) /212 (3.15)

Summary

To summarize, from the correlogram and spectrogram, all track parameters
can be estimated.

- f - f .
V= ?EEE___7ﬂlﬂ (3.16a)
max * min

2

f-f )

- _1 ( max min of -1

Repn = 2% F — 7 — (3efe, (3.16b)
CPA

max min

5 = MinlD(t) - p/t]° (3.17a)

T2 Ve g (3.17b)
S
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1281
3N
froe 2. 1
' b by = S T - CD(O) .
: Repa = 07O = T (3.17¢)
-"M.
Rad of .o
where fmax’ fmin’ 5t|t=RCPA ° are measured from the spectrogram; , and D(0)

are measured from the correlogram,
A 3.2 TWO SENSOR TRACK PARAMETER ESTIMATION

With the addition of a second sensor, the track parameter estimation

)
K.
b
; 2 capability of an array is greatly improved. First, V,ZT and RCPA estimates
:‘j from each sensor can be combined to form estimates of Tower variance. Second,
K measurements of intersensor delay and doppler lead to further estimates of
Y v, ZT’ RCPA , and possibly o - the bearing angle relative to the array.
[
{Q
Qﬂ Two commonly used two-sensor arrays are considered here, the vertical
]
-t array and the horizontal array. The arrays are shown in Fiqure 3.4;
<8 theoretical correlograms in the presence of multipath are shown in figures 3.5
e and 3.7.
LA
L)
..' A .
i The Vertical Array
.'
ii{ The vertical array depicted in Figure 3.4 has two sensors placed one
) above the other. This array is radially symmetric, and therefore can only
L)
:S estimate ZT’ ¥, and RCPA . Separate estimates of these parameters can be

made from multipath information at each sensor as well as inter-sensor delay
and doppler shift data. Cross correlation and cross differential doppler are

-
-
S’

s

s

‘5\: shown in Figure 3.5.
)
\f;'_ﬂ
f. As can be seen in Figure 3.6, the delay between the direct and multipath
3 -2
”:j propagation paths in the single sensor case is equivalent to the intersensor
' If direct path delay in the 2-sensor vertical array. If the sensors of the
e vertical array are placed at
R si: (0,0,Z.1)
:PJ ¢ ’ ’ Sl
O
3 s2: (0,0,Zg7)

NP ‘r'ﬁr“‘r:;
i
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Figure 3.5
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The cross-correlogram and differential doppler for a two sensor
vertical array in the presence of a multipath reflection.
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The equivalence of a two sensor vertical array in the absence of
multipath and a single sensor array in the presence of multipath
can be seen in the above diagram.
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>
where Z52 Zsl

then, making the substitution

L_,-1
. "s2 "sl
Iy = —=p—= (3.18)
in {3.17) will result in track parameter estimates from inter-sensor delay and
doppler estimates. Note that Rcpa in this case is measured as the distance of

closest approach to the deepest sensor. Also note that Z7 is the depth
relative to the midpoint between the sensors.

The various estimates of V, ZT and RCPA (sensor 1, sensor 2, and inter-

sensor measurements) should be combined so as to minimize the variance of the
final estimates. The method described in (2.6) is optimal over all linear
combinations of the different estimates. In this case, more weight is given
to the smaller variance estimates. If the multipath reflection is weak, the
inter-sensor measurements are more important. Otherwise, the estimate made
from the array with the larger aperture size will have the least variance and
therefore more weight. (The aperture size is ZZS. for the ith sensor, and

Y4 -ZS for inter-sensor measurements). !

The Horizontal Array

The horizontal array, depicted in Figure 3.4, consists of two sensors at
the same depth. As this array is not radially symmetric, intersensor
multipath information leads to estimates of bearing angle as well as RCPA an
V. These estimates can be combined with estimates from data at individual
sensors to form estimates of ZT , the depth of the target; RCPA , the radius
of closest approach; V, the target velocity; Xc and Yc , the X and Y axis
crossings of the target; and o , the bearing angle. Due to symmetries in the
array, however, ¢ and YC can be only determined to within a sign.

d

The horizontal array has sensors located at

sl:  (-X_, 0, Z))
s s
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The target is moving by the sensors at angle g relative to the X axis, at a
velocity V, and a depth of ZT .
The position of the target is given by,

Target: (Vtcoss + XT’ Vtsing + Y_, 7).

T T

So the target is at CPA when t=0, define, ctng

YT = XTctne .

Note that a target travelling along this trajectory will have axis crossings
of

>
"

2
XT(l + ctna)

~<
[}

2
YT(l + tan®g)

From (2.5) the inter-sensor delay is given by

2 . 2,172
Dlz(t) = [(Vtcoss + Xp + XS) + (Vtsine + YT-YS)2 —-(ZS-ZT) ] /

2

-[(Vtcose + X; - X + (Vtsing + YT-YS)2 + (ZS.-Z.I-)Z]I/2 (3.19)

T = %)

Figure 3.7 shows the cross-correlogram and differential doppler for this case.

By examining the far range behavior of (3.19), an estimate of ¢ can be
obtained. When the target is far from the array, signals emitted from the
target arrive at the array from essentially the same direction, ¢ -- the
bearing angle. The intersensor time delay will then be

2X
D(|t| » =) =2 "Ci cose ,

The bearing angle, a can therefore be found as:
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The cross-correlogram and differential doppler for a two sensor
horizontal array in the presence of a multipath reflection. In
this case the target is travelling along a line parallel to the
line drawn between the sensors.
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. cosg = CD(Jt]>>)) (3.20)
3
\
i' Examining the intersensor delay at CPA, (at t=0), yields an expression
;; relating XT and RCPA . Recall,
').
B S22 2,1/2
B Repa = (X7 * Yp + (Z; - Z5)7) : (3.21)
) Using (3.17)
ﬁg 2 1/2 2 1/2
CDIZ(O) = [RCPA + ZXTXS] - [RCPA - ZXTXS] (3.22)

P Sovling for RCPA .
3 Repa = L(€205,(0) - 2xpXg)(c%02,(0) - 6xxg)1H/* (3.23)
?2 When the relative sensor delay is zero, the target is between the

.

’ sensors, at (O, Yc’ ZT) . Examining the relative delay rate at this point
N yields an expression for YC . Define
-

3 . =

Recall,

i .
L 3fl§ = !9339 (Vtcose + Xy + Xg) - %%QEQ{Vtcose + Xp = Xg)

Vsing Vsine
+ ——(Vtsing + Vo-X) - —5—{(Vtcose + X; - Xg) (3.25)
3 C Dl T"s C 02 T S
' where D1 and D2 are the delays from the target to sensor 1 and sensor 2.
. ﬁ When D12 = 0, D1 = 02 , and the target is at (O,Yc, Lr) . Therefore,
a0
e 12 - vcose
| % |, “ s
> t c°D
Y 1
c
3 X ¥ coss
3 -
P co, = _sc -7 (3.26)
. D(t, )
i: Ye
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At t,
YC
2,2 _ 2 2 2
¢’o; = (ZT - ZS) *YO* XS
and, solving for Yc
.yl 2Vcosg 2 2,1/2
Yo = Xsl(——)"- 1] - (Z7-24)7] (3.27)
CD(tY )
c

When the differential delay between sensors is at a maximum, the target
is at (Xc, 0, ZT) . Looking at DlZ(tXc) , where

ty 8 Max |0y, ()] , (3.28)
c t

yields an expression for X . At t, , D .{t) is given by
c XC 12
= 2 1/2 2 1/2
yplty,) = LK + (ZgTp)]TT - LX) + (Z5-2p)] (3.29)

Solving for Xc ,

¢t (¢ )
128", 2 2..2.2
— 77—+ (32 Zp?)cd, ey )
- C

X2

The sign of Xc can be determined by looking at the times of CPA of the
individual sensors; Xc will have the sign of the sensor location that had the
first CPA. Note, however, if ZS - ZT or the bearing angle is close to O,

2X
- S . .
then Dlz(txc) - and xC cannot be determined accurately in this manner.

Velocity can be determined by measuring various times of CPA and axis
crossings. Four position-time pairs can be fairly easily measured.

(XC,O,ZT) at txc = m:x Dlz(t)

(o, YC, ZT) at tyc = t:Dlz(t) =0
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(a, 8, ZT) at = max Dl(t)
1

. 2 _
(a+ZXSs1necose,s + Iy cos e,ZT) at to = max D ét)
S CPA 2 t

Repa

where Dl(t) and Dz(t) are the differential delays between the direct and
multipath signals at sensor 1 and sensor 2; and «, g8 are constants. Two of

the many estimates of velocity are,

- vl 2.1/2
v (Xc - Yc) (3.31a)
2X
- 1
] cose = (3.31b)
CPA A2

To summarize, estimates of g, Yc’ Xc, RCPA , and ¥ can be obtained as
functions of the inter-sensor delay and doppler (delay rate), ZT and sensor
coordinates. These esitmates, in combination with single sensor multipath
data completely describe the track parameters of a target moving along a
straight line past the array.

37

D T T 2PN T S N I I G I TL A L

1Y 1Y
4 4
-
LY
R )
\
l
*
K
l
\.
,’.
“.
,
’1
\.
-
;
&
\O
‘.
X
.
\

....

N

Lt A2y



4. PARAMETRIC FIT METHODS OF TRACK PARAMETER ESTIMATION

The parameter extraction techniques presented in the previous chapter
relied on knowledge of D(t) and derivatives at specific points in time,
namely |t|<<l (near CPA) and |[t|>>1 (far from CPA). Often times, D(t) is not
known accurately in these regions of time (see appendix 1 or section 1.1),
and the parameter extraction techniques described in the previous chapter can
not be used. This chapter develops parameter extraction techniques based on
all available delay information, not just that near and far from CPA. Two
different techniques are developed and applied to single sensor, two sensor
vertical, and two sensor horizontal arrays.

As the functional form of the delay is known (see section 2), a
parametric fit of a model D can be made to the measured D. The parameter
estimates would then be chosen as,

T’ T) T’

where, CD is the measured delay, and recall

S 2 2 2,1/2 2 2 2,172
C0 = [(Xg=VE)™ + Yo + (Zp-Z 7] 77 7= [(X3=VE)© + Yo + (Z442))

]

for some distance measure d.

The minimization (4.1) is over a cost function which is non-convex in
the track parameters for common distance measures. Therefore, exhaustive
search methods must be used in finding a solution. If each of the four
parameters were quantized to be one of n values, and there were m data points
available, the minimization (4.1) would require O(mn**4) computations; about
25 hours compute time for m=500, n=100, on a 1 mflop computer. To overcome
this computational burden, (4.1) can be reformulated so that functions of

(XT,YT,ZT,V) appear as linear coefficeints in a least squares minimization,
requiring only 0(4m) computations, and less than one second compute time on

the same computer. Two Tlinear least squares formulations of (4.1) are
developed below. The case of a single sensor listening to a target in the

presence of a multipath reflection is considered first, and later generalized

LI 2R IR 4
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‘ 4.1 EQUATION ERROR APPROACH -
l*‘
o W
Py This method is an equation error-like approach. Recall,
4 D = P-Q, (4.2)
5
K. where, e
2 1/2
4 qQ = [(XT-Vt)Z + Y2+ (zT-zs)z]l/Z/c ’
A 5
4 What is desired is a relation in terms of D, Pz, and 02 so that functions of
)' track parameters appear as linear coefficients which can be fit using least g
’ squares techniques. Manipulating (4.2) yeilds the following relationships,
\ p? = p2 + o7 - 2pq (4.3) i
([)2 -p2. Q2)2 = 4p202 (4.4) :}
7=}
‘ (o)t - av?(cot)? + svx(cPole) - a(v 24z, 2+2244.2) (CD)2 b
@ (4.5)
_ 2 .2
% + 1617 2, =0 Z;’:;
} -
With values of D(t) specified at m time instances, solving for the 2
W coefficeints of (4.5) which minimize, ~
o
, P* = min if-fi2 , F = oA (4.6) 0
W A s
2 2 . 1\2 2. 12
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is a standard linear least squares problem.

a | (co(e,
A= f = :
'3 (ot N
D(t
‘—34J m

The optimal set of coefficeints, A* is given by,
* -
A = (¢T¢) 1 @Tf (4.7)

and the resulting track parameter estimates are,

— o -1
v 11/31 ]
X - —a,/va
YT = y 2'771 a2 (4.8)
T 1 2 . % 1 17
Z; 1’(33'/;4/425‘zs+7'16)

3

S .J

SENSITIVITY ISSUES

Upon closer examination of (4.1) or (4.6), one finds that there are many
sets of parameters (XT, YT’ ZT’ V) that result in roughly the same D(t).
Indeed, the differences in D(t) between the case of a target moving slowly
close by a sensor and the case of the target moving more quickly further from
the sensor are subtle, and are small compared to the variance in estimating
D(t).

This ambiguity shows up in the eigen-structure of the matrix used in
finding the track parameter estimates via (4.6). For typical values of the
track parameters, the matrix,

¢ ¢
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?1:: has an eigenvalue which is o(10**-4) smaller than the rest. The coefficeint 1
.Q:I array, A, will therefore be very sensitive to any noise in D(t).
. _ d
é:' The eigenvector corresponding to the troublesome eigenvalue is roughly,
{9 J
; 1o
e &v=io %
" 0 4
15
35
> X
’_: Therefore, specification of V and an appropiate modification of (4.6) will .:3
result in track parameter estimates that are relatively insensitive to noise )
e in the measurements of D(t). With V specified, the modifications to (4.6)
R are, 4
;‘: x . ~ 2 -~
A =mimf - fy , f=0A (4.9) -
Y. A '~.
bl
Y c?ore?,  cPoce))? 1 E
3 s | b . .
¥ 2+ 2 2 >
N j CDlt )t cD(t,) 1 g
P-_':: 4 ' -
2 (eote,n® - avlenie)e,)? q
A = f = . X
5 a :
Ry 2
'S 4 - 2 2
' a4 (CD(tm)) - & (CD(tm)tm) a
-
i , The least squares solution for A is then given by, a
o * -
A A = (o o) Lo F (4.10) 2
'
:Q\ and the track parameter estimates are, -
3 1
e Xq -a, /8V ;j
- - 2 - 2,172 .
ti ;T ( 2/4 + (61/8V) 33/1625) (4.11)
N T fay /81, R
“. H
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4.2 TRANSFORM APPROACH

In this approach, a transformation, which is a function of a depth
estimate, is applied to D(t). When the depth estimate is accurate, D(t) is
transformed into a second order polynomial whose coeffeceints are easily
fitted.

The transformation is given by,

. 4,
T=(C0 ¢ Iy o) (4.12)
using (2.1) for D(t),
T = (1) (XoVt) 2+v24(Z.47 121 + (1742 (Xo—Vt) 24v24(2.57.)2
——{(X¢- THZL )] + ——{(Xg- THZ3Z)7)
(1-9)2 2.2 2 2.2 2.11/2
* (X V) Y HZ A2 ) ) (Y -V ) Y H(Z =20 %) ] (4.13)
where
a = ZT/ZT
when o ~ 1, i.e. iT ~ ZT , (4.13) reduces to,
T = (Xe=Vt)2 + ¥2 + (2. £ 7.)2 + 0(a-1) (4.14)
T T T s a :

Fitting a polynomial to (4.14), by least squares, for instance, gives,
v = /a1

S L 1
XT z - 2, (4.15)

2/a]
. - 2 _ ;2

1/2

where a , 3, a4 are chosen to minimize

2 2
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and iT is picked a priori.

The optimal value of 2T , and therefore (iT, fT’ V) , can be found by

preforming a 1ine search over zT , using the following as possible error
criteria:

error = 1[(a)t{raytytag) - T, 0(e)]? | (4.16)
Z
:
or, error = 2(5(t) - D(t))z,
i

where D(t) is given by (2.1) using, (iT’ ;T’ iT’ V) .
SENSITIVITY ISSUES

As expected, the error, (4.16) achieves a minimum only for those cases
where D(t) is known very precisely (one part in ten thousand for typical
values of the track parameters). Since V can be reliably determined from
other measurements, a line search over iT can be peformed using,

error = (q(iT) - V)2 (4.17)

instead of (4.16) as an error criterion. As the transformation T results in
a one to one relationship between .iT and V, there are no uniqueness

problems in the determination of zT . Knowledge of V, therefore, allows use
of (4.12) and (4.17) in estimating the remaining track parameters from noisy

measurements of D(t).
4.3 TWO SENSOR EXTENSIONS

In this section, methods for adapting the above techniques to inter-
sensor measurements in two sensor arrays are presented. In addition, methods
for combining information from two sensors to resolve ambiguities in
determining the track parameters are developed.
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MODIFICATION FOR INTER-SENSOR DELAY

It is fairly straightforward to modify (4.6) or (4.12) so that they can
be used with inter-sensor delay information (instead of multipath delay
information). If the sensors are placed in a vertical array, no modification
of either method is needed, only estimated target depth needs to be adjusted
(see 3.18). With the sensors placed in a horizontal array, changes to the
two methods must be made.

The inter-sensor delay in the case of a horizontal array is still
written as,

D = P-Q (4.18)

where, in this case,

= [(X7-Vtcose - XS)2 + (YT-Vtsine)2 + (ZT-ZS)Z]I/2

Q = [(X;-Vtcose + Xs)2 + (Yp-Vtsing) + (ZT-Z,S)]I/2

and

(CD)4 + (th)z(-4V2) + 8(cD)2t . (VXTcose + VYTsine)

v (€02 o (& 1 ¥R vz 2008 + L 16x8vPeose)
¢t . (-16 X Vcose) + (16x3K3) = 0

With the exception that there are six variables to be determined instead of
four, solving for the coefficeints of (4.18) is equivalent to solving for the
coefficeints of (4.2). The track parameters in (4.18) can be determined by
the method described in (4.6). Additionally, any a priori knowledge of track
parameters can be incorporated in a manner similfar to (4.9).

The transformation,

e e A e T N e Lt e B T N L S L N N S L R N R T .*-
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3 T = (e & %) (4.19) ES
"
A
will again yeild a polynomial for the correct choice of y . The 31
coefficeints of the polynomial can then be fitted, determining the remaining e
) track parameters. Unfortunately, the optimal choice of vy is, Y
2 -
] * .
N Yy = ZXS(XT - Vtcose) (4.20)

e, 4

and the search for y 1is now over a two dimensional surface, which, without

a good error criterion, will not yield accurate or computationally efficient Eé
L results. ;
" ®
¥ COMBINING ESTIMATES FROM TWO SENSORS 5,
K, Even though there are many sets of track parameters resulting in 2
£ essentially the same multipath delay curve at a sensor, these same sets of
,: track parameters will not necessarily generate similiar delay curves at g
A%
- another sensor location. Therefore, if information from two sensors is
R available, ambigiuties in track parameter estimates can be resolved by ig
.
looking for track parameter estimates which are consistent at the two sensor
3 Tocations. i~
. %
K. If data is available from two sensors placed in a vertical array, sets -
. of estimates, parameterized by V (or ZT }, can be constructed using either gé
4 (4.9) or (4.12). A line search can then be performed over V (or Zy) for the
5 set of track parameters minimizing the error, o
N o
]
! T Y 2 .
. error = [YT(1,1) YT(i,Z)] (4.21) 5@
} where ?T(g,m) is the YT estimate from sensor m based on V¥ = vz -
% or, equivalently, :§
_ - a 2 _‘:.
] error = [rCPAO(i,l) - rCPAo(i,Z)] (4.22) -
! where (¢,m) is the nth sensor CPA range estimate to the point (0,0,0) O
’ based on V =V .
- N
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If the data is from two sensors placed in a horizontal array, sets of
estimates, parameterized by V (or ZT ), based on individual sensor data can
be generated by (4.9) or (4.12). Estimates of the bearing angle,
parameterized by v (or ZT ) can be made based on inter-sensor data using
(4.18). Track parameter estimates can then be chosen by finding the set of

estimates producing the most consistent i.e., the

(rcpa1s "cparr ¥) o

set (rCPAl’ rCPAL® g) minimizing the error,
2 2 2
”cpAl'Zs - /¢CPA2'ZS )
error = [sing - ] (4.23)
ZXS

4.4 COMPUTER SIMULATION RESULTS

In this section, results of the parameteric fit methods of track
parameter estimation applied to simulated data are discussed. The equation

error method and the transform method are applied to delays simulated for one
and two sensor arrays.

DATA

The data, 0 was generated by calculating the true D(t), using (2.1),
and adding white gaussian noise. Since D(t) estimates tend to be less
certain near CPA (see appendix 1), the additive noise is scaled in proportion
to the delay value in the case of single sensor multipath delay curves, and
in the case of 2-sensor horizontal arrays, the noise is of constant variance.

Figure 4.1 shows examples of the simulated data. In Figure 4.1, the
solid 1ine is the true value of the delay; the dots are the data points
used. The signal to noise ratio in these cases is about 20.

EQUATION ERROR METHOD

The equation error method was applied to data generated using,

Target: (5t, 1000, 200)
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When no additive noise is present, the track parameters are estimated to one
part in 104. With a SNR of about 20, however, the estimates are off by
factors of 100, due to the sensitivity problem discussed earlier,

1f the value of V is assumed known, the equation error method can be
applied to the noisy data with much improved results. Figure 4.2 shows track
parameter estimates as functions of V for the equation error method applied
to a data set with a SNR of 20. Note that at the correct value of V, the
track parameter estimates are close to the true values.

Sensitivity

To illustrate the sensitivity problems, two delay curves, generated using
different sets of track parameters have been plotted. Figure 4.3a and 4.3b
show delay curves plotted using the estimated track parameters generated with
V=5 and V=10. Also plotted are data sets with SNR's of 20. Both curves fit
the data well. In fact, the differences between the two curves themselves are
negligible. Therefore, in this case additional knowledge (knowledge of V, for
instance) is required to make a unique choice of track parameter estimates.

TRANSFORM METHOD

The transform method was used to generate the track parameter estimates
plotted as functions of iT in Figure 4.4. Figure 4.4a shows estimates made
from noiseless data. Estimates made from data with SNR=20 are essentially the
same. The error, which is the normm of the difference between the transformed

delay curve and the closest quadratic, is plotted as a function of iT for
the two cases in Figure 4.4b.

As functions of iT , the track parameter estimates for the two cases
are very similiar, and assume values close to the true track parameter values

for the correct choice of iT . The error curves, however, indicate that
practically any noise in estimating D(t) will lead to ambiguities in

determining track parameter estimates. As YV is usually available through
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other means, the track parameters can be determined by choosing iT as the one

which gives the correct value of V and using i to determine the remaining

T
track parameters.

TWO SENSOR EXTENSIONS

When data from two sensors are available, ambiguities in choosing track
parameter estimates can sometimes be resolved by looking for consistencies
between the two sets of estimates. In a vertical array, delay information
alone can determine track parameter estimates when,

VarD
Yr ¢ 0(1o.|251-zszl) and —~ ¢ .1

and in a horizontal array when,

VarD

Both methods were applied to two sensor data satisfying the above
constraints. Computer simulation results are given below.

Vertical array

Both methods were used to estimate track parameters from a two sensor
vertical array. For the simulations, the sensors were placed at,

Sensor 1: (0,0,300)

Sensor 2: (0,0,100)

with a target at,

Target: (5t, 1000, 200)

and SNR=20.

The equation error method was used to generate track parameter estimates
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as functions of V at each sensor. The error in Y (4.21) is plotted in
the minimum

4 Figure 4.5 for two different simulations. For th1s SNR and YT .

ii of the error function will occur reasonably near the correct value of V.

E} Figure 4.6 shows track parameter estimates as functions of ZT at each
sensor. These estimates were generated using the transform method. Figure

!! 4.7 shows CPA to (0,0,0) error, (4.22) as a fuaction of 1, . Again, for

~ these values of SNR and L 0(10-|le-zsz|) , the minimum of the error

o~ curve will occur near the true value of ZT .

_Note that in the above simultaions the inter-sensor delay measurements
> were not used. Using this information further, estimates of ?T or CPA to
(0,0,0) as functions of V or Z_ could be used to lower the variance in

;; determining V or ZT . T
ﬁg Horizontal Array
"
Track parameters were estimated based on data from a horizontal array
ﬁ with sensors at
éi Sensor Locations: (£150,0,300)
. In this case, the track parameters were given by
- Target: V = = 1/4, XT = 650, ZT = 200

The equation error method was used to estimate track parameters at each sensor

A as functions of V. The bearing angle was estimated as a function of V from
inter-sensor data also using the equation error method. The error criterion,
:3 (4.23) was used to determine the best estimate of V (see Figure 4.8). This

error will reliably give good estimates of V, and therefore the remaining
track parameters, since the inter-sensor angle estimate is an increasing
function of V, whereas the individual sensor estimate of angle is a fairly

.. constant function of V.
-
“l
"
| ]
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In the case of a single sensor in the presence of a multipath reflection,
both the equation error method and the transform method yeild accurate
results if the velocity or depth are known independently. In the case of a
two sensor array, depth or velocity need not be known a priori, but can be
chosen using consistency criteria. '
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5. CONCLUSION
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In this report, techniques were developed for extracting track parameter
information using sono-bouy data. In the case of a single sensor and a target
moving in the presence of a multipath reflection, it was shown that
differential delay and doppler information could be obtained and used to find
55 reasonably accurate estimates of the depth, range, and velocity of the
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?:. target. In the case of two sensors, additional range and velocity estimates
b " can be obtained from intersensor differential delay information. These

5a¢ 3& estimates can be combined to form lower variance estimates of these

) parameters. Additionally, depending on the sensor locations, further

‘.l:?' E estimates of depth and/or estimates of bearing angle may be found.

2

3?5 gE As a final note, it is worth mentioning that a significant effort was
Efﬁ spent developing software to process sonobouy data. The software developed
A included correlogram-based TDOA estimators -- SCOT, PHAT, and ML [4], and the
ff: L; ADEC linetracking algorithm. Listings are included in appendix 4. A real
,EE ‘ data example is presented in appendix 2.
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Appendix 1: DIFFERENTIAL DOPPLER EFFECTS ON CORRELATION

If two versions of the same signal have relative doppler shifts, the peak
of the resulting cross correlation will be reduced compared to that of the
cross correlation of the signals without a retative doppler shift. This
decorrelation causes fading of correlogram lines near CPA, where differential
doppler is greatest.

To examine this effect, assume X(t) is a zero mean, gaussian bandpass

process, with bandwidth B, and center frequency F0 . The autocorrelation of
X is given by

_ sinmBr
Rx(r) = R0 —g, - ¢os 27t (Al.1)

The mean correlation output, , , of the signal X(t) with itself is given by

:
, Z
w = E(p [ X(EX(t)dy)

w =Ry (A1.2)
The mean correlator output, u of the signal X(t) with its doppler shifted
version is given by
T
2 2
= E{T' £ X(t)X(at)dt} (A1.3)

which is not in general as large as R0 .

| P s

Interchanging expectation and integration, and substituting (Al.l) for
E(X(t)X(t+1)),

=
"
e L
Ny —4
L AR " " a"a "

singB l-u t
{ RO m-l:'?l— COSan0|1-a|t dt (Al1.4)
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3 nBlil-al 2f
X oo 1 +‘L sinX 0
3 Ry = w71l / X s g K & %
3 0 g
3
, L
- -~
¢ 1 BT|1-o], 2f0 BT1-o|, 2f0
§ - n i * ] . T - .
i e — (sine(BLoal 20 o ) gine(aBTfloal 20 yy) ) AL
M 0 #BT|l-al \.
) A
o
A Plots of mean correlator output as a function of doppler shift appear in ﬁl
;‘ Fig. (Al.1). Figure (Al.2) is a plot of a typical doppler history for a i
:‘: target moving in a straight line by an array. Several features are easily ﬁ
. seen in Figure (Al.1). First, as the relative doppler shift increases, the =
correlator output decreases. Second, as integration time increases, the T
2'_ correlator output decreases. Finally, as the bandwidth of the signal i?)
2 increases relative to the center frequency, the correlator output increases.
o E
The performance of the correlation method of time delay estimation is
- greatly effected by nonzero differential doppler. Fortunately, due to the 4
'i relatively slow speeds of submarines, differential doppler is only likely to w
" cause problems except near the time of CPA. See, for instance, Figure A2.1. ™
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REAL DATA EXAMPLE
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Appendix 2: REAL DATA EXAMPLE

This appendix presents an example of track parameter estimation from a
real data set taken from a horizontal array. The track parameter estimation
techniques described in Chapter 3 will be used. In this case, o, v, Zt and

RCPA will be estimated from the data and knowledge of the sensor locations.

The data was taken from an array with sensors located at (: 136m, 0,
308m). Figure A2.1 shows Rll’ R12’ and R22 , the correlograms formed using
the correlation method of time delay estimation. R11 and R22 have been
energy normalized so that ri(O) =1 Vi; R12 has been SCOT normalized [4]. As
the data set was of exceptional quality, the differential delay information
needed for track parameter estimation can be measured without further
processing. The immediately measurable parameters are listed below:

Dlz(lt' +» =) ~ .187 sec (A2.1)

aD, ,(t)
12 . (25 sec, _
at t:Dlz(t)=0 (ZOOSec) -0025

t -t ~ 35 sec
Repa,  Reoea,

01(0) ~ .076 sec

DZ(O) ~ .074 sec

-

pl ~ 4‘9

-~

02 = 5.1

The relevant equations from the text are as follows:

- Co(]ti>>1)
cosg = -—'z-x;—— (AZ.Z) 1
z -
BLAE (A2.3)
S
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Iy ¢p(o)

Re = - (A2.4) N
CPA CD(0) 4 b
2X
_ s 1
vV = Toss ° tR 'tR (A2.5) 5
CPA1 CPA2 ..
2. ,2Vcose 2 2,-1/2

Yo = Xsl(gop— )7 1] - (Z7-Z¢)
¢ = Dsllap, )= 11 = (2rZg)] (A2.6) F%
at . _ -
M
>
Using (A2.2), one finds, R
cose ~ 1,8 -0 (A2.7) g%
AL

b

Noting that the values of Dl(O) and DZ(O) are very close, and are related to

RCPA by (A2.4), the CPA ranges at sensors 1 and 2 will be similar, confirming

the 0° bearing angle estimate.

;1‘{_‘,1‘

If a 0° bearing angle is assumed, (A2.2) gives b

a

C ~ 1450 m/s (A2.8) A

R

with knowledge of C and g , V can be estimated from (A2.5), ia
V- 7.7 m/s = 14 KTS (A2.9) )

tH

Assuming ZT is constant, the two estimates of ; can be combined giving, from i

(A2.3), EE

ZT ~ 92m (A2.10) e

Using the above value of ZT’ RCPA for each of the sensors can be calculated :
with (A2.4) jf

W

RCPA1 ~ 455 m (A2.11) ;2

=]

R ~470m .

CPA, %2
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o a The Y-axis crossing can be estimated using (A2.6),
o -
S Y 510 m (A2.12)
W\ y ¢
g &
" Note that since ¢ ~ 0, Y_ ~R , and therefore the value of Yy _ is
. . . c CPA;» ~ c
W F consistent with the values of RCPAl and RCPAZ .
4
3;} - From this real data set, a group of self-consistent track parameter
' s values have been obtained using various easily measured quantities. Note that
» in this case, the value of ¢ -~ 0 made it difficult to determine Xc (through
) 4
5‘% N (55)). Consequently, additional estimates of o, V and RCPA were not
\
AT obtainable.
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APPENDIX 3
ACCURACY OF DEPTH ESTIMATION IN A MULTIPATH ENVIRONMENT
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ACCURACY OF DEPTH ESTIMATION IN A MULTIPATH ENVIRONMENT ﬁ

B. Friedlander and J.0. Smith

Systems Control Technology, Inc.
1801 Page Mi11 Road
Palo Alto, California 94304

ABSTRACT

The problem of estimating the depth of an underwater source from acoustic
measurements is considered. The Cramer-Rao bound on the variance of the depth
estimate is evaluated for the cases of one and two sensors. The effect of
Qﬁ C; multipath on estimation accuracy is investigated.

-

.

[ O
L

-
-
ey

2
S

c g - -
e
™y

A
%

I
afa'm
a

“
NN

S

KR P
Al
A

> 20
o

g

A

j -y

L .':

‘: ;i

o c

B -

is T This work was supported by the 0ffice of Naval Research under Contract No.
) ;j N00014-84-C-0408.

B 81

Jk I}

-x’

bt bon e e O R R AMENS!
'F AP RIS ol A O " ’



P

«

v

1. INTRODUCTION _“3
§ The problem of estimating the depth of an underwater source is of 5
i considerable interest in various surveillance applications. Given =
measurements from a vertical acoustic array it is possible to estimate the .
angle of arrival of the signal. From this estimate and knowliedge of the %a
distance to the source it is possible to estimate its depth. I[f the source
range is not known it can be estimated from the curvature of the wavefront at g%
the array.
p
Multipath propagation is a common effect in the transmission of acoustic b0
waves in water. The presence of multipath propagation is usually considered rs
to be an undesirable effect which compliicates the processing of the acoustic '3,'_'
signals in localization and detection problems. However, in some
circumstances the presence of multipath can be quite useful. %3
3 As an example consider the case of depth estimation when only a single I
sensor is available. 1In the absence of multipath the measurements provided by ég
d the sensor contain no information about the location of the source. However, -a
? if multipath is present, the delay between the signals propagating in the Es
. direct and the secondary paths contain information about the depth of the
source. In the presence of multipath it is, therefore, possible to estimate j:
source depth, while in its absence this is not possible. -
In this paper we study the accuracy of source depth estimation both in 8?
’ the presence and in the absence of multipath, for the case of one and two
'1‘ sensors. These resuylts can be extended in a straightforward manner to an E@
fﬁ arbitrary number of sensors. '
- &
. The Cramer-Rao bound (CRB) is used to evaluate estimation accuracy. The g

CRB specifies the best possibie accuracy achievable by any unbiased estimator
y (11. In the case of stationary Gaussfan processes, the CRB can be evaluated
) by a simple frequency domain formula as the number of observations becomes
large (2]. This simplified formula has been applied to the estimation of "
inter-sensor time delay, and single-sensor multipath delay [3]. The purpose sl
of this study is to extend previous work to include myltipath effects in the
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two-sensor case. The main question is how much better can depth be estimated
when both multipath and inter-sensor time delay information are used by the
estimator.

Four cases are defined to show a progression from the single-sensor case
to the two-sensor case:

(1) Single-sensor case with multipath. The multipath delay is used to
estimate depth.

(2) Two-sensor case, no multipath. The inter-sensor time delay is used
to estimate denth.

(3) Two-sensor case with multipath. In this case both inter-sensor delay
and multipath information are used to estimate depth.

(4) Two-sensor case with multipath and unknown range. When range is not
known, the combination of inter-sensor deiay and multipath delays
suffice to determine both range and depth. The CRB for this case fis
also presented.

gtxamples are provided in each case to {llustrate the performance bounds
as function of system parameters.
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5‘-:!. 2. ESTIMATING OEPTH FROM SINGLE-SENSOR MULTIPATH INFORMATICN
WY
" The single-sensor multipath case is depicted in Figure 1. The received
) signal s({t) can be expressed as

W
§ s(t) = x(t) + gx(t—Dl) + e(t) (1)
.v ! where x{t) is the signal received by direct pnropagation from the source to the
::!:: sensor, e(t) is uncorrelated measurement noise, and gx(t-—Dl) is the
' attenuated and delayed version of the source signal arising from a surface
N bounce. The corresponding power spectral density (PSD) function at the sensor
A is given by
e
E:' -jwd, |2
g Solw) = Sylw)l + ge™ 1% + S ()
‘.
R 2
3% = S (w){(1+g") + ZgCOS(uDI)] + Sglu), (2)
I‘
Wl for w in the range [-W,W], where W= 2B , and B is the bandwidth in Hz.
:;j: In terms of the geometry (see figure 1), the multipath delay is given by
~3
oA 1.2 2.1/2 . 2 2,1/2
.). 013 E—{[y + (Z"'Zl) ] -[] + (Z-Zl) } ’ (3)
;; 0
; where ¢ is the speed of sound. Thus, assuming the range y and sensor-depth z;
N are known, the source-depth z is determined by the multipath delay Dy.
17Ny 1
'25'
Using Whittle's formula [2], the CRB for the variance of the depth
N estimate s given by
e -1
[ (w)] 2
e W[30 a0

N, L [ 1 dm(‘_l)z
[ T° W W _glu’ 3z |
;j:: '.:_E
n:.'-
:.::. 2 1 ;
.'.'o w [-2%51'"&01] a
! 8. L : r.3_7-_)2
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a CRB(D,)(32-)2 , (4)
1 (EU;

where N is the number of independent observation intervals. (In continuous
time, the observation time is defined as T=N/2B. In discrete time, when B
equals half the sampling rate, N is the number of sampled observations.)
Equation (4) can be interpreted as a generalized form of the CRB, see [4].

2.1 SPECIAL CASES
When the PSD of x{(t) and e(t) are constant for |u| < W , and zero for
lw] > W, with the signal-to-noise-ratio (SNR) defined as S/Sq » e have

the following approximations (see [3],[5]):

(i) ‘.01 > 1, SNR << 1

3n 1 3 1
CRB(D,) = = . (5)
U W8 e nwog® sR®
(i1) le >> 1, SNR > 1
= 31r(1-9 )

which is independent of SNR.

(1) WO, << 1

1 <
< 3x_ [(1+g) SNR+1] 1
CRB(D; ) > -l - (7)
g° KR 1.2%°D,

Note that the CRB depends on the multinath delay Dy for small delay-
bandwidth product W01, but not for WDy >> 1.

When the range to the source 1s 1arge compared to the depths of the
source and sensor, the derivative T has a simple form:

dZ c
m_{,%’ 2,2 <<y. (8)

Note that the variance of the depth estimate is inversly proportional to
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(Zz/y)2 , where (2z/y) is approximately the angle between the source and its
“reflection", as viewed from the sensor.

2.2 EXAMPLES

Figure 2 shows a specific scenario for which the CRB was evaluated.
Figures 3, 4, and 5 display the normalized Cramer-Rao bound, CRB{z)/z2 as a
function of SNR, for delay-bandwidth products 80y = 0.1, 1, and 10,
respectively. For the geometry in Figure 2, these time-bandwidth products
correspond to bandwidths B = 3,78, 37.78, and 377.78, respectively. Each
figure shows three different values of g: g = -0.1, -0.5, and -0.90. As
expected, increased reflection magnitude |g| improves the ability to estimate
2, as does increased delay-bandwidth product.

86

R A S -
T

Lo o

R U N T S N S Sy
A PO RO LR PR R

Vo,
L
i,

CiF-.

LA ¥

g b A

R o

¥,

B o




TR T Y W R T T R T T T P YT Y W T W N T T T R 35 il tec s b b it AR R ut i h AS

3. ESTIMATING OEPTH FROM INTER-SENSOR DELAY

Figure § shows the general case of two sensors configured in a vertical
array at deptns Z, and 2, respectively. In this section multipath is
assumed absent. The inter-sensor delay, i.e., the time-difference of arrival
(TDOA) between sensors 1 and 2, is defined as

—

2 2,172

2,172

[ + (2-2,5)7]
The respective received signals are given by (analogous to (1)),
sl(t) = x(t) + el(t) ,
sz(t) = x(t-Dlz) + ez(t) . (11)

where (t) and ez(t) are assumed to be uncorrelatad. The nower spectral
density of the 2-vector process s(t) = [s (t), sz(t)]T is equal to

[~ , -
Jlez
Sx(m) + Sel(m) Sx(m)e
() = . (12)
Sx(m)e-jmolz Sx(w) + Sez(w)

For the vector case, the asymptotic form of the CRB for the covariance of
the parameter estimates g becomes [2],

Cov(s) > J'1 R = [J 1j]
T -1,y 38(g) <=1, ,aS(y)
P [trfS ()3—9'-5 ()22l 14y , (13)

30,
]

where tr{A) denotes the trace of the matrix A. The CR8 for D12 is then given

by
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and the CRB for depth z is given by

z .2
CRB(Z) = CRB(DIZ)(—ﬁ—) . (18)

12

Qr

3.1 SPECIAL CASES

If the noise and signal PSD functions are assumed flat in [-W,W] and zero
elsewhere, then

Az 1+25NR
CRB(D,,) = (18)
A
For SNR << 1 and leZ >> 1 , we have (comparing with (5))
CrRB(D,,)
12 2, (17)
CRB(Dl)

At long ranges, y > 2z, 2,, Z, , we have (cf. (8))

T S - A (18)
0y, %y
Thus,
2
CRB(z)[two-sensors, no multipath] _ 2
mrz-n_&m—mmmmm (22)¢ o —L—y (19)

(22'11)
when g=0 or z=0, no depth information is obtained in the single-sensor

multipath case, while for z, = z2 , no depth information is available in the

TDOA case. These facts are, of course, to be expected.

88

Ve -».-.- A e T RN AN TR P T =
w

. .., P N R e e W T T e RULES k : - -
A T o et e e M e e e S s ) ‘..M W)

o 4|
a ;

1y
DY,

>

[ )

&

AR

ScS

Pl
s

A AL

Py

[z

I g

[S-1

1




P T D O O P e T O S W T O W O O SO w Lok ok -ad ol -ai AR AR Sk Ale Sl Aie sie

_"f:t' .I‘

R

~ o

Pl Y
AN

| S fe

AN

ﬁ

.i'.l \

RN o

‘p ‘\)\

3.2 EXAMPLES

Figure 7 shows the normalized CRB, CRB(z)/z2, as a function of SMR for
three different signal bandwidths 8 = 3.78, 37.78, and 377.78. The geometry
is the same as in the single-sensor case (figure 2) with the second sensor
being located at z2 = 400 ., The three curves may be compared with the
results in figures 3, 4, and 5, respectively. Figure 8 shows the effect of

varying the geometry, using 8 = 377.8 4z and z2 = 220, 400, and 600.
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4. ESTIMATING DEPTH FROM BOTH MULTIPATH AND INTER-SENSOR OELAYS

Fiqure 9 shows the geometry for the two-sensor case in which both

multipath and inter-sensor delays are to be estimated. The two multipath
delays are given by

2
0, = {(yP+(zr2 )M - (yPetz-z P MY
1 2, e
0, = %{[y2+(z+zz)2] /2 - [y +(z-zz)211/ o (20) &3
and the TDOA is again equal to (cf. (10)) E;
1 2,1/2 2 2,1/2.
0;, = E{[y +(z-2)%] - (Y722 (21)

(&

The received signals at sensors 1 and 2 are given by

e
:.«,J.-'\

yl(t) = x(t-rll) + gx(t-rzl) + el(t)

I
1

yz(t) 3 X(t'flz) + gx(t-rzz) + ez(t) , (22)
where g:
Dy = t1 =7y e o
Dy = typ = 722 (23)
010 = 713 -~ 712 3
The PSD matrix is (cf. (2) and (12)) =
-3uD -Jud -juD
5, (1+g2+2gcosaD, ) s;e 2(lege  D(lege ) <
S{w) = JwD JwD JwD . (28)
S, @ 12(14ge” l)(1+ge 2) Sx(1+gz+29cosw02) 0
hE]
The CRB for depth estimation is then éﬁ
R
‘(\
Wy
90 +
,
b

[ 2
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1
T W
CRB(z) = o -& J(w)dw ,

Ila) = (571 230) 12

where

Sl(m) S, {w)

S{w) = -
Slz(m) Sz(w)

12

Sl(m) Slz(w)

3S(w) & < -
53 Sla)

* L

‘and

2
S1(w) = S, (w)[1+g,+2g, cosud, | + Sel(u) ,

Sylw) = Sx(w)[1+g§+292c05u02] + Sez(u) ,
-JwD -juwd -jwd
Slz(m) = Sx(m)e 12(1+gle 1)(1+gze 2 )

5 ) aSl(u) (0] 242y 2-2 |,
w) = 2 29,5 w sin(wd - ,
l az P 'l v 7y |62

3S,(w)

2 ik Bt 3 BB
Splw) = 53— = 29,5, sin(ud,) e gl 2

S0l -dud
3z * Jus,e

-Jud, [z-2z -JuD -Jud z+2
.lgugle 1)( 2)+gze 2(l+gle 1)( 2)

12

Slz (U) =

"2 22
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4.1 EXAMPLES
{i) ODifferent Bandwidths, 8=3.78, 37.78, 377.78

Figures 10, 11, and 12 show the normalizede CRB, CRB(z)/z2, for the three
delay-bandwidth cases seen in the previous examples. The case of g=0 in each
figure fs precisely the CRB curve obtained in the previous section for TDOA
hased depth estimation (no multipath). MNote that use of multipath delay
estimates can improve the relative variance in the depth estimate by 10 to 15
dB when the multipath is strong.

(i11) Changing Geometry

Figures 13, 14, 12, 15 show a sequence of CRB curves in which the second
sensor is taken deeper and deeper, i.e., z, = 200, 220, 400, 600 . All are
at the large bandwidth 8 = 377.78. In figure 13, the g=0 curve is at infinity
because for 2, %2, and g = Q there is no TDOA or multipath information on
which to base a depth estimate. UWe find that increasing the depth of sensor 2
improves the bound. There i{s more improvement near g=Q than near g=-0.9
indicating that it is the TDOA component that is benefiting from increased

z, . This is reasonable in view of equations (8) and (18) which show that at
long range, the derivative of z with respect to TDOA depends strongly on
zz-z1 while the sensitivity to multipath delay does not.
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5. ESTIMATING DEPTH AND RANGE FROM MULTIPATH AND INTER-SENSOR DELAYS

In the single-sensor case, it has been shown (6] that, assuming the range
error is uncorrelated with the multipath delay error, the variance of the

depth estimate becomes a sum of two terms involving the respective variances
of range and delay:

3z 2 3z,2
Var(z) = (EUI) Var(D,) + ( y) var(y) , (29)
where the sensitivity of y to z is defined for fixed D1 :
o]
3z ., 1
v .z—--zl (30)

At long range (z, 2, « y) , we may use (8) to obtain

var(z) | Y2r0y)  yar(y) (a1
¢ Dfr y‘

For two sensors with no multipath (TDOA only), a similar situation is
obtained.

In the case of two sensors with multipath it is possible to estimate both
range and depth. An interesting question is the following: how much is depth
estimation accuracy effected by the lack of knowledge of the range? To answer
this question we evaluate the CRB on the covariance matrix of the estimate of
the parameter vector [z,y]T. Using Whittee's formula we note that

p -1
zy
cR{(z,y1'} = 5 , (32)
yz Yy
where (cf. (25)),
T ¢ -1 aS( ) -1 aS( )
J,g .1;“[' [Slw) Lelis{e) ™ 25 e, (33a)
and
93
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-

. . e -1 3S(w)yreq -1 35(w)
day Yy T L (ST 3]s e e (33p)

® iyl 380 e y-1 35t
dyy " L (St Bl st 2l qa, (33¢)

The matrices S(u) and 3%%21 are defined in equations (25)-(26), while

asl(u) aslz(u)
aS{a) sy y
Plal (34)
3y aSZI(N) Bsz(m)

3y ay

where

a‘:}(m) = 29,50 sin(udy) [z - =] & (35)
21 1 ¢

aS, (w)
2 1 1l 1Y
= 29 S sin{uwdy ) [="— = ==
3y 25 N, -, @

¥*
3Sy,{w) 35,5, (w) ~juwD -Jwd
12 21 12 . 1, 1
il T USSR

-Jud

2 -jwd
+ g,e (1+gle

~Jwd
1 2y 1

1
—.(1+ge
2 fll

T22

9 llvge ol e 4

Examples

Figures 16, 17, and 18 show the normalized CRS, CRB(z)/zz, for the three
bandwidths considered in the previous examples (801=0.1, 1, 10) . In this
particular geometry, the TDOA component of the depth estimate is independent
of the range due to the hyperbola of constant TDOA degenerating to a straight
1ine. Consequently, for g=Q, the CRB curves reduce to the TDOA-only case of
figure 7. Note that at small BD1 , the presence of multipath only makes the
estimates worse, while at intermediate and high BD, , the depth estimate is

1
improved by multipath.
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Figure 19 shows the results at high 801 for a different geometry
' (22=600 instead of 400). In this case the TDOA component of the depth
estimate depends on range. This figure compares with figure 18. In the non-

e degenerate geometry, the unknown range adds significantly to the uncertainty
. in depth.
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g' 6. DISCUSSIOM
." ,
Mol
The performance analysis presented in this paper shows the potential
;i; usefulness of multipath information in enhancing the accuracy of depth
§§ estimation. The results presented here are asymptotic, and need to be
ﬁa verified by finite data simulations. Two related issues of practical interest
) are:
f?
{{ (1) The Case of Unknown g 2
'.'\ @
s
¢ The earlier analysis assumed perfect knowledge of the relfection H
- coefficient g. When g is unknown, it can be estimated from the gg
;': data. In [6] we have shown for the examples considered here that the
{‘* asymptotic accuracy of depth estimation is not affected by the gi
K need to estimate g, provided that W >> 1, where
4 =
) 0 max(Dl, DZ’ 012}. "
3 &
”j (i1) The Case of Unknown SNR
* -
. Similarly to the case of unknown g, i1t can be shown [6] that the
y need to estimate SNR does not affect the asymptotic depth estimation S
accuracy, provided that WD >> 1. 4
f v
Finally, we note that these results can be extended in a straignhtforward a!
;$’ manner to the case of M sensors. In this case S(w) and S(w) will be MxM
\ matrices. The entries of these matrices can be easily evaluated by obvious [§
Q; extrapolation from the case of Ms=2, ¥
)
‘ o
~
AN
o~
& %
Y
‘\\
! 3 _1-.
A
A
J e
3 "
o |
W
) i
" 96 )
" .
‘ M
T o O B I T S s i e e o e S




22 ks

REFERENCES

1. H. Cramer, Mathematical Methods of Statistics, Princeton, N.J.: Princeton
University, 1951, Ch. 22-23.

%,
¥

L2

2. P. Whittle, “The Analysis of Multiple Stationary Time Series," J. Royal

'l Statistical Socfety, vol. 15, pp. 125-139, 1953.

e

e 3. B. Friedlander, "On The Cramer Rao Bound for Time Delay and Ooppler

8% Estimation,” IEEE Trans. Information Theory, vol. 15-30, No. 3, pp. 575~

580, May 1984.

4. S. Zacks, The Theory of Statistical Inference, John Wiley & Sons, 1971.

fy
%ﬁ 5. J.P. lanniello, “The Varfance of Multipath Time Delay Estimation Using
) Autocorrelation,” Tech. Memorandum ™ 831008, Naval Underwater Systsems
ig Center, New London, CT, 24 January 1983.
ii 6. B. Friedlander and J.0. Smith, "Multipath Oelay Estimation,” Tech. Report

5466-04, Systems Control Technology, Inc., December 1983.

-l .‘..

B

.- e
L
-t

97

2
:

. & W e w-oeom - A A e n o m v om ]

- - - -~ - MUCERGE Y RN . - "o tw Y
RSV PR OhY PRCRCR CATRCCLRTE CRUA LR OE CRTRRR CACL LS P SRS PR \§ AR ;j ) SRR O C SRR T
*VMMM D20 NN QR A, N arta LA a1 [ TR RN MY




"REFLECTED SOURCE"

~
~<
™~

LR TGRSR LT RN Tt FSE S .
i LT a e TR L b R N

il

LA

L &2 n

e

Z ~N
; ~
~
! ~
. 4 ~, ¥
! /
b4
SENSOR
SOURCE
Figure 1: Single sensor geometry
ot 3000 meters ——————i|
t 200 meters
300 meters ;
& P4
o SENSOR
SOURCE
Figure 2: Single Sensor Example

N B

98

-

X ED

et oL



3 8.°C = 8 ‘yied}3|nw y3pm a0suds albups  :g aunby4
0=2119 02°0=2L8 01°0=119 ‘001=044N {0°0-°'G'0-'T1°0- =9 *(80)IMNS
"0c 01 0 "0l - "0c-
T T T O_l

aa aue adh one i

~— CO

— . .O~
- ]

- ~

—_— e s e aa .
_—

m .
o
|
"
o
/
‘
!

i /l/ ././. | .; .DN

S { ‘0¢€
0¥
"06
09

"04

8/°€=8 000€=A 00€=7Z 00c=17Z (Z)AVYA HII

ol s AR oo B 5 B e S o S ~a BB5 Was

- T [ -""\, '
CATRC LG

O e

S

vl

a

“h

e

O

-
¢\-‘ »

“ e
e

e e

-
PaLy
SRS

NS

X

S e e

e g

e

L

i

£

QIO . "Q.’}t
i Sl S

o

(C==Z/ (Z)dYA) D@01

‘ -‘!‘l Ll

4%

LLL

X i.l 8,

i



R o T o B oA e s e U0 &R ¥ add T TR oo Rk
LL°LE = § ‘yedianw y3im J0Suds 9 |buts tp aunb} 4
0=2118 06°1=218 0°1=118 001=D¥4N !0°0-'G'0-“1°'0- =9 !{(81)INS

"0c 01 0 0Tl - ‘0C-
T Y v "0c-

100

) YA Q@101

N

L

(C=2/1

B
<
e
.
«
>

nte, e, .
s, T

N
LY

3N
L0

! ! ! *0SG
//° /€= 000E€=A 00E€=7 00C=1Z (ZIYYA HII

SRRy Syt



oS S e e K L Do o ge -pleante

0L°LLE = 8 ‘y3aedi3|hw y3pm Jdosuds 3|bus  :g aunbyi4

0=2118 «8°01=219 0°01=118 !GG/=044N ?6°0-°G"0-'1°0- =9 ?:(80)INS

"0c . 01 0 "0l - “OcC-
. T T "OF -

T
'
/

1
o
m

'

. . . '0€

woq R AR e BRY a4l BT CT1 LA JAR o, R oY B 00 KRS




TRACK PARAMETER EXTRACTION USING MULTIPATH DELAY RND
DOPPLER INFORMATIONCU) SYSTEMS CONTROL TECHNOLOGY INC
PALG ALTO CR K LASHKARI ET AL. FEB 86 5517

UNCLASSIFIED N88014-84-C-048 F/G 17/1

| ThD-n166 044

N -

8




L 23 W25
o 5t &
= 2
[
TRl =
= £

o

|y EN

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS - 1963~ A




i ALl WM T TR TONT OV T TR TS T FC TN TRw="S

2
R {
i N
[ X .
" 8
I’. )
!"
:‘l'
o 2
: o
4
K~
R
n
N ) 4 i
A Z1
)
a“; \ i ﬁ
i SOURCE Py
h
M -
£
_ 3
L4 N
.qb_ o

Y Figure 6: Geometry for two sensors no multipath e
b a
kG "
()
R h
:"

K

!

s
I e
2t

o 1]
.

& |

Te '
et

)

&
A) ]
s N
*
*,
A
1‘ -
At W
<
) N
) 102
L)
[} . ‘

’
B




Ty PLEWELE

ALL TDBA VAR(Z); 21=200 Z2=400 Z=300 Y=3000

" §0. . :

&§ 40.
- -
h o
¥ ~ 20.
» ~
3 ~ .
.-\... z L]

<<
.“’v >

o .

S 20.
& -
Ny o
‘ -40.
53 -60. : - .

-20. -10. Q. 10. 20.

Q; SNR(OB); LAST; NFR@=7%35: BT1=10.0 B8T2=19.87 8T12=0; B8T12=0 0 0
R 8=3.78,37.78,377.7

.2 c

Figure 7: Two sensors no muitipath example -- varying bandwidth

s s ™ ¢
Lty

Ly

103

frs

O T ey
o> . ot AL OCOC

b T T N AN T T
P AR R SRR R




20.

s
3000 8=377.7
10.

-
-
-
s

Z1=200 2=300 Y

-10. 0
SNRIDB) s LAST: NFRQ=766) BT1=10.0 BI2~20.49 BT12=3.35; 22=-220 400 600;

Two sensors no multipath example -- varying sensor separation

ALL TDOA VAR(Z);

-20.

-40. }
-50.

Qo Q
N m

Figure 8
Satat] Clhd

St (2++2/(2)4YA) 90701 ;

et
o

\I

o

e 4 104




e LTy TP W AN R e A T T e -..-»._1—

0

vy
" '
3- B
M|

)

o ma
-

A
1

o
s
—¥
S
et
S —_—’1

- -
T
ol
i a
0d-- N
-

-

I 22
) - ©
N
:“q': he ] T] 2
\
(Y
; ‘:: 1
'§ I Figure 9: Geometry for two sensors with multipath
T
!. o
R s
LSRG S
A \a
R
oy IE
" »
] NCa
[ s
] S
Wil
el
Y

“l

L

o5 =N
Mew S5

R &
x




BL°C = 8 00y = ¢z -~ yaedj3 M Y3 }M SJOSUBS OM) QT 84nb}4

0=2118 02'0=c18 01°0=[18 !00(=0Y2N f0°'0°'0-°‘G'0-‘1°0- =9 :(8()ANS

01 0 "0l - "0cC -

‘.'(\::\:‘,‘ ;

Lo 4
M)

Wi T
2T

”

T T T .D—..

8/ ¢€=9

N‘-(“\d\ )f\‘('~
"W

.
g

o

RANRRERGY

JL G
AN S

k¢

A

N ."\.f

106

(Cx=Z/(Z2)4YA) Q00T

g
",

.- aw

N

« -
L4 .-'?

“u

o

2 1 A .O@
000E€=A 00€=7Z 00¥=CZ 00C=17 (Z)JVYA HIC

K IO N I L] Y v v [N ¢ v _fox 8w,
WA o + PR N L e = ale RTINS — WY NN xS
Pl wle . - R W A A . ay B 3 o

S Snadie ) - el



LL°LE = @ "00b = €2 -- yIedj3|nw yI M saosuas om] 1] 34nbjd
0=2118 60° (=218 0°1=118 2001=04d4N ¢0°6°0- ‘G 0-'1°0- =9 f(80)ANS

"0c "01 "0 "01 - "0C-
¥ ¥ J .O?o

w
,..
w
:
_

. -OMW|

"0c¢ -

O
=
(N}
a)
‘0l - —
<
o~
=
~d
/
™~
»
b 4
N
X2
. s
(9} MM_

//° /=8 000€=A 00€=Z 00¥=CZ 00g=17Z (ZIYVA HIC

XN



U

w “Nd _'m'..li .ﬂ ' Wi u.:u., @ WMPIJWWN.N ﬁ Wnﬂ.'\ ‘...: S vnl.a | S e 'ed ﬂm.ua vlm..ﬂnNM “ﬂhﬂtﬂf. .«..m-..h,vul_ & g .-RIA--.-A--\._
m . [ ]
5 0L°LLE = 8 "00Y = 22 -- yedia{nw y3m SJOSUIS OM] 2] a4nby 4
b
b
i 0=2118 /8°61=C18 0°C1=118 !GG/=DY4N !0'0°0-'G°0-'1°'0- =9 !(80)3NS
"0c 01 ‘0 ‘0Ol - ‘0c -

T T T "09-

"0G-

047 //E=8 000E=A 00€=7Z 00¥=cZ 00c=1Z (Z)IVA HIC

------------



T T T I W R N WES W W W R W W Y W ww v A mw m s e e o o m e w m em —

"0c

OL°LLE = 8 ‘002 = €7 == UIRd}I{nW y3}mM SJOSUIS OM] €T aunbi4

0=2118 0°0(=218 0°0l=1.18
"0l

'GG/=0dN 0'0°0-°'G°0-‘1°0- =9 {(H0)IUNS

v v AR S W

0 "0l -

"0c-

"Ob -

1 "0€-

"0cC-

"O1l-

L 1 T
"nlllll
(‘l
:I.l.
-~
- . Sea
QO|"a /.I
-~
~.
lllllllll - _
- -
/l/{
" S'0- =6
1°0- =6
b~
A A .

"0l

"0¢

0/°/Z/£=8 000E=A 00E€=Z 00c=cZ 00c=17

x

(Z)JVA HOC
B 51 aM m s EE s o v

(C*=Z/(Z2)dYAN) 907101

A

109

< .v‘(-,-ﬁ,,

1. X
-
)

-
»

RS

-
.

N

\-
-

NN

-

. et
- '.-“‘P{‘

Tt

-

hl
RS

. - T e
SCAA
) et




LR ARe Al Rle dhhdad

TOTY WYY Y T

LB s 22 2240 5 X3 WY

0/°LLE = 9 %022 = ¢z -- y3edi3{Mu y3}M SA0SUBS OM) :p 34nb} 4

GI'0=2019 001°01=C18 0°01=118 2GG/=0¥3N !0°6°0-'G°0-"'[°0-
"0l 0 01 -

-

9

g YNS

"0c -

1 4 ¥ T

"0G-

4 "0b-

*0€ -

0/ /£/4£=8 000E=A 00€=Z 0cc=cZ 00c=17Z

"0V

(Z)YVA HOZ

P CEREECE PP~ UNSIFEIEY AR |

) dYAI90@101

(N

2/

(C ==

110

»

RN '\'r-ﬁ
- A =
T

e

..-'
s
el

-"—“I
W v
ALY
T a® 0 -
L ana

LA TR S ‘ A et
Nt e e .(‘N o
PRPIRUPIETON S,

ﬂk"-‘
(e
N

K

" .
3 -"
)5 NP NP

ARy

N B

o
RN

ut
L

/.\.
Pos
A

A
Sl

.
)
8

PR

Nt

N DN
g

ria
7

'(4\
3P

piy

ot
¢

{3

«

IRG b



OL"LLE = 8 ‘009 = ©Z == YIRA|I MW YI4M SUOSUS OM] :GT Bunb}4

GE°'€=2l19 6¥°6c=Cl8 0°01=119 :GG/=0DYN 2:0°6°0-°'G°0-°1°0- =9 £ (80) NS

"0c 01 0 "0l - "0cC -

T T T .O@l

0/°/Z/€=8 000E=A 00E€=Z 009=¢7Z 00C=17 (Z)IVA HIC

- o L e 3% . A i *r fay v v et ‘-..- [ PR !!- Y
o 2R . e e B s om0 aee vl S5 WAl T AR
C-gr=ar— o — N N - - . - A - e w ¢ b8 . e -ty S -, AR e e i SM S W b .

(C=Z/(Z)YIYN) 90101

SRS e

CNTe S

*{r-

LA L

L
S wts Ve

s
2
oy
.
K
4




A | A A F Lo LB wHawm ESS NAS S 4l XRE QT e e e s e,

8/°C = 8§ ‘00p = ¢z -- abues umounup :91 d4nbi4

0=2118 02°0=Z18 01°0=(160 !00(=D¥4N ?10°'0°'0-‘S°0-°1°0- =9 f(60)ANS
‘0c ‘0l ‘0 ‘Ol - ac -
T ¥ 1] o_.ld_ -

‘0

‘0]

‘0¢C

112

‘0€

*OF

(C==Z2/1Z)dYN) Q@101

'0¢

'09

8/ €=8 000€E=A 00€=7 00¥=CZ 00C=17Z (Z)YVA HIC




L el i S i e r-;T

LL°LE = 8 ‘00p = ©Z -- abues umouyup :/1 34nb}4

]
m 0=2110 60°(=218 0" (=119 f00[=044N 20°6°0-‘C"0-‘1°0- =9 f(4Q)¥NS
! ‘0c "0l ‘0 ‘0l - ‘0C -
” L} T T -Om.
]
" " " -Ov
L/ £E£=8 000E=A O0E=7 00¥=CZ 002=1Z (Z1YYA HI2

113

(C==xZ/(Z2)3YAN) 907101

o

-~y . ‘
1’,('-1 . ,4’-

A

i

hl

WLk

Ll

-
.

LAY
-

\

m

el

C et
.

” » "
POAPS,§ V. 7S,

.
-
Y

-
-
ax

v

AR

*.
)

IR I 4
o a

e
“ -
anm Al

- -‘7'-’ .1'4‘) vl
Pl e -
".A'kf._\’,\_k

TN

<

-l

" -
Kal

-

-

- N



¢ -
T oo AL s T TR

OL°LLE = 8 ‘000 = %2 -- 3bues umouyun :gr 34nbj 4

0=2118 «8°01=218 0°01=1.18 16C/=0N4N 10°0°0-'G'0- ‘I ‘0- =9 1(80)3NS
‘0e ‘ot 0 OV - ‘0cC -
' R v v -Omn

0£°££4E=8 000E=A 00€=Z 00b=CZ 00C=1Z (Z)YVA HIC

- - apa -Wl- » 4 o L 4 A v. \nl- --W- IR M.. o \11)\.1. -
- - P b Paiiel A L A LA v Ay & -
s INPHD,WM PUTEEREE vl T rard ) et

(S==2/(Z2}8VA)9@T0T

114




S

MR

ot

TR

0L°LLE = 8 ‘009 = ¢2 =-- bues umouxun :67 a4nb}4

LHAS
NeY

CC’€~Z01a 6F°62=C4G 0°0i=118 2,Q/=OYN 10°6°0-°C°0-°1°0- =D ! (BOIINS

*0C ‘0l ‘0 ‘01 - ‘0c-
v : ¥ v oO@n m
"05 - 2
27
S
. ?1
© Q
@
= 2
.Om.v V —
P
~
‘0C- ~
~N
~
L
. - «
(8] o
‘0
2 L i -O—

0/°£.E=8 000E=A 00€=Z 009=CcZ 00C=1Z (Z)YYA HIC

Rt [ e - e - ™ . - -
S D AR s B SK KYEOSSE oA SR . RN O X At S T U~




s zax 2ol ol {lel el i B i
m“‘u-w N TOPITIErY

2 I A K KA AT, e 7 e ™ =

3

-8~ n" LS PR, S N S ¥y e .“ -"‘-,"
Y N e R R A v e

APPENDIX - SOFTWARE LISTINES

The sotftware developed to compute and display the CIB #for
the varicus test cases was written in the CtrlC language.
CtrlC is a software product of Systems Control Technology.

The CtrlC code below is contained on the SCT VAX directory

NETVAX: :dra2: [mts. bound. cr. depthl# =, While connected to that

directory, the monitor command @CMCM will run an example test

case. The command 2CMCM invokes the VAX/VMS DCL command file

CMCM. COM which is also listed below. A summary of the various
files is given first.
cmcm. com - Run CtrlC and feed it cmem. ctr
cmem. ctr = Quter loop of CtrlC commands for different SNR, BT,
tdoa.ctr - Compute CRB for case of two-channel TDOA
scmp. ctr — Campute CRB for case of single=channel multipath data
mcmp. ctr — Compute CRB for case of multichannel multipath data
mctd. ctr - Compute multipath delays and tdoa from geometry
mpsn. ctr - Adjust SNR to eliminate signal boost due to multipath
simp. ctr - Simpson’s rule for numerical integration

The file cmem. com loads the cerlC function library
draz: [MTS. ML. SPLIBISP. LIB which contains many simple utility functions

net implemented directly in CtriC. The contents of SP.LIB are
described in [Smith84b1.

CMCM. COM -~ Initiation Of Test Cases

$! cmcm.com - Go into CerlC, load SPLIB,
$!

%!
$ run dral:fsctlib. ctricletrlc. exa/nodebug
diary >cmcm. log;

lib DRAZ2: (MTS. M. SPLIBlsp;

J = sqrt(=-1);

/7 echa=l;

/7 termm’vtiR’;

term=‘ptx’;

hard = ‘ptx’;

redh >cmem. ptx

do cmcm:

exit;

$ pra2 cmcm. ptx

and DO cmcm. CTR to obtain the
crb’‘s for the i1-channel and 2-channel multipath situation
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$ prad ctrlc. ptx
$ prad cmcm. log

// Cl=cmem()

deff
deff
detf
deff
deff
deff

mcmp
scmp
tdoa
mpsn
mctd
simp

dotdoa=0;
doscmp=0;
dompsnr=0;

2 1=200;

snr={-20,-10,0, 10, 201; nsnr=5;
g=(-0. 001, -0. 01, ~0. 053; ng=3;
vipn=gnes{nsnr, ng+l);

ntd=9;

// max number of tdoa-only plots

vztd=ones(nsnr, ntd);

itd=1;

FOR z2=[6001...

FOR

z=L3001, ..
FOR y=(30001, ..
FOR B=[101/. 026474, ..

{mpdi, mpd2, td12]1=mctd (2L, z2, 2, 4): ..
btiampdi#B; bt2=mpdaB; bt3mabs(td12)#B; ..

CMCM. CTR -~ Quter Loop Of CtrlC Commands For Different SNR,
Etc.

BTI

strS={’; BTi=’,cvfs(btl,2), ' BT2=’, cvfs(bt2, ), ’ BT12=', cvfs(bt3, 2)]

Nfrqumax ({2#round(b), 1001)+1; ..
stTO=[’; Nfrq=’,cvs{Tound(N£rq))l;..
disp(Cstr3, str0l)i..
tmpi=l’ 21=’, cve(21)1;..
tmp2w{’ zm’/,cve(2),’ ym’, cvs(y), ’ b=’,cves(b,2)1;..
IF dompsnr=}, tmp2=L{tmpa, “C’1; ELSE end; ..
stri=ltmpl, ' 22=’,cve(22), tmp2];..
str4=altmpl, tmpRl; ..
gstr=’ ;.|
IF DoTdoa=l{,

FOR i={:nsnr,..

vzpn(i, ng+l)=stdoa(snr(i), 21, 22, 2,4, B);.

IF itd<{sntd,vztd(i,itd)=vzpn(i,ng+1); ELSE end;.
disp(C’'TDQA Var(z)=’, cvs(. Sedb(vzpn(i,ng+1))),’ dB’1);

end,.. 1
ELSE end;..
itd=itd+l,. .
FOR ig=1:ng,..
tmp=cvefs(g(igl,1);.
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stra={’' g=',tmpl;..
gstr={gstr, tmp1; ..
IF ig<ng, gstr={gstr, ‘, 'J; ELSE end;..
sstr=’ /; |
FOR i=1:nsnrv...
tsnr=mpsnisnr(i), 21,22, 2,4,8,g{(igl));..
IF dompsnr=), csnr=tsnr; ELSE csnr=snr(i); end; ..
tmp={cvs(snr(i)), ‘(’, eveési{tesnr, 2), ') ’1;.
str3=(’' snr=', tmpl;.
sstr=lsstr, tmpl;. .
IF i<nsnr, sstr=(sstr, /, ‘1; ELSE end; ..
disp(lstri,strl, str31):..
IF doscmp=1,..
visc(i, ig)=msscmp(csnr, 21, 2,4y, B.gig).Nérqli.
disp([’lch Var(z)=’, cvs(0. Swdb(vzsc(i,ig))), "’ dB’1);..
ELSE end; ..
Ctmp, vypn, vyzpnl=mecmp(csnr, 21, z2, 2.4, B, g(ig). Nfrq):..
vzpn((i, ig)=tmp;.
disp((‘2ch Var(z)=', cvs(0, S#db(v2pnii,ig))),’ dB‘1);.
disp(CL’2ch Var(y)=’, cvs(0. Sedb(vypn)), * dB’1);..
disp(L’2ch Xv(zy)=’, cvs(0. S#db(abs(vyzp))),’ dB’1);.

end,. . i -
: end,.. ig g
o IF doscmp=l,.. -
5N eTase; . .
/ plot(snr,db(vzsc)/a);.. '
{ title(l‘1ch Var(z)’,strdl); ..

x1ab(L’ENR(dB); &=, gstr, stTQ, st751); ..

ylab(“10log(Var(z)/z##2)'); ..

IF norm(term(1:3)=-/ptx’)<{>0,replot; ELSE end;.. &
ELSE end; .. ]
eTasa;. .
plat(snr,db(vzpn)/2);..
title(l’2ch Var(z)’,stri1d);..
xlab{(L’SNR(dB); @=’,gstr: ‘,0’, stT0, str%1); ..
gstr=’ *;
ylab(‘10lag(Var(z)/z##2)‘):i..

IF norm(term(1:3)='ptx’)<>0, replot; ELSE end;.

ot Ak

title(L’All TDOA Var(z); LAST ’,strdl);..

xlab(L’SNR(dB); LAST’, str0,strS51),..

ylab(’10log(Var(z)/2#%2)); .. '

IF norm(term(1:3)~'ptx’)<{>0, replot; ELSE end; .. !
ELSE end;

end... B
end,.. y
end, ..z a
] end, // 12 K
; IF DoTdoa=1,
o erase; .. -
3 plot{snr,db(vztd)/2);.. -
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TDOA. CTR - Compute CRB For Case Of Two-channel TDOA

// Lvipn]l = tdoa(snr, z1, 22, 2, 4,B)

//

// Computa CRB for source depth given 2-channel TDOA measurements
//

// 11 = Sensor 1 depth

// 12 = Sensor 2 depth

// t = Target depth

// y = Target range projected to surface (meters)

// B = Target bandwidth (Hz)

// Snr = Signal to noise ratio in dB at each sensor

¢ = 15S00; // Speed of sound (m/sec)
snrl = 10##(snr/10); snr2 = 1O#%(snr/10);
t11 = sgrt(ywy+(z=21)%%2)/c;
t12 = sqré(yey+(z=212)##2)/c;
d = t12 - t11;
dztmp = zi#t12-72%t1li—~24d;
if abs(dztmp)<eps,
disp(’ tdoa: numerical failure. tdoa not a function of depth’);
vzpn=1 Q; .. create line at QdB ..
return;
dzdd = cecetileti2/dztmp;
vard = (J3/(2%#pi#B)##2)#(l+snri+snr)/(snriesnrld);
vipn = (varde#dzdd#»#2)/(z%#2);

SCMP.CTR - Compute CRB For Case Of Single—-channel Multipath Data

// Cvzpnl = scmp(snv, 21, 2,4y, 8, g, Nfrq)

// Compute per—sample CRB for i~channel multipath situation
// Sampling rate is assumed to be 2B rad/sec

z1 = Sensor 1 depth
z = Target depth
y = Target range projected to surface (meters)
// B = Target bandwidth (Hz)
g = Multipath attenvation
// Snr = Signal to noise ratio in JdB
// Nfrq = Number of frequency samples uniform on [0O,Bl]

// Derived constants

c = 1500; cs = c#c; // Speed of sound (m/sec)

£ = b#{0: Nfrq-11/Nfrq; // Hertz frequency axis
w = Qepief; // Radian frequency axis

Sx=1; Se = 10#%#(-snt/10); // PSD in band [-B,B]
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til = sqre(y#y+(z=21)#x2)/c;

tal = sqrt(y#y+(z+zi)nnd)/¢;

D = t21-¢114;

dDdz = (z+z21)/(cs*t21) = (z=-21)/(cswtll);

Sy = ((1+gw#2)#ONES(1, Nfrq)+2#g#cos(w#D))#Sx + Se¥*ones(l,Nfrq);
SydD = =2#Sx#gw. *sin(wsD);

si = SydD. /(SYy+EPS#QONES(1,Nfrq)); 7/ Specific information for delay ostzmaﬂn

JD = SUM(si. #31i)/(2wNfrq); // per—sample CRB Var(D) .ge. {/JD
vipn = (1/(JD#(dDdz##2)+EPS))/(z%2);

MCMP. V2 -~ CRB For Multichannel Multipath Data, Known Range

// Cvipnl = mcmp(snr.zf.zQ.z.g,B.g,Nérq)

/7

// Compute CRB for 2-channel multipath situation
/7

// 21 = Sensor 1 depth

// 12 = Sensor 2 depth

// &2 = Target depth

// y = Target range projected to surface (meters)
// B = Target bandwidth (Hz). Must be from O te .S
// g = Common multipath attenuation

// Snr = Signal to noise ratic in dB

// Nfrq = Number of frequency samples uniform on [0,B1l
/7

// Derived constants

J = sqrt(-1);

gl = g; // Relative attenuation of Zndary path to channel 1

ga = g; // Relative attenuation of 2ndary path to channel 2

¢ = 1500; // Speed of sound (m/sec)

£ = b#(0Q:Nfrq—11/Nerq; // Hertz frequency axis
w = Zepi#é; // Radian frequency axis

Sxi1=1; Sx2=1; // PSD of signal in band [-B,B1
SNl = snT; SNTZ = SsnNT; // SNR in channels { and 2. Tesp.
Sel = 10##{(~-snr1/10); // PSD of noise in band C[-pi.pil
Se2 = 10#n(~snT2/10); /7 PSD of noise in band C-pi,pil

// disp(‘disabling channel 1’); Sxi1=0Q;
// Multipath time delays

til = sqrét{ysy+(z=z1)e%3)/c;
t21 = sqré(y#y+{z+21)%82)/c;
ti2 = sqri(ysy+(z-22)#82)/c;
t22 = sqrtl(yry+(z+z2)#42)/c;
BT = max([(t22-t12)#B, (t21-t11)+81);
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ppc = Nfrq/BT: // Number of integration points per multipath spectral cycle

if ppc<20, disp({’ Warning, BT=',cvfs(BT.2), '’ while Nfrq=’, cvs(NPfrg)l);

disp((’ which means only ’,cvfs(ppc, ), ’ integration points per cqclo’]);g§
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// derivatives of delay wrt 2

cCs = c#c;
tilz = (2=-21)/(cs#til);

- . }’
2l

: 21z = (z2+21)/(cs#t31);
t12z = (z=22)/(cs#ti);
t22z = (z+12)/{(cs»t22);

F

// Derivatives of source—to—-sensor spectra wrt delays

Y
?\ // si/t = si/t1) t11/2 + si/t21 t21/:
- s111 = =(2#Sxingl)e(w #sin((tii-t21)%w)); /7 s1/t11 = - g1/%21
siz = siii=n(tilz-%312); /7 siii#eilz + 3121%¢t21:2
= // s2/1 = s2/t12 £12/7 + s2/t22 t22/:2
salad = ~(2#Sx2#g2)#(w. #sin(we(t12-t22))); // = —¢232
" s2z = s212#(£12z2 - t2212);
.l&‘
A~ // 5121 = conj(s21z) = sum(i, y=1,2) s1l2/tiy tiy/z
ew = expl j*uw);
s ejll = axp( jewetil);
3 012 = exp( j¥urtl);
ej2i = exp( jewet2l);
-, )22 = exp{ jwuntdd);
) kime j12+g2ne  22;
kdmconjl{ejli+glee ;21);
t= jrueqrt(Sx1#Sx2);
N 211 = ¢ wconj{(ejl1l). #ki; // x expands to "S12/t"
i 121 = —glwt #conjlej21). #ki; 3
‘ 212 = £ we 12 #k2;
a2 = ga#t, %o 22. #k2;
' 12z = xli#tilz + x12#t12z + x21#t21z + x22#t222;
sl = Sxinabs(ones(i,Nfrqi+gine il #conj (e 21))#42 + Seiwones(1,Nfrq);
4 s2 = Sxaxabs(ones(l, Nférq)+glee 12. #conjl(ej22))#22 + Se2wones (1, Nfrq);
Tﬁ $12 = sqrt(Sx1#Sx2)#k2. #ki;

// Do sisz = S#n(-1) S/2

~8

7/ d1 means d 1In ... dlij means S5~~1 dS/dz (i, 1]
detS = si %32 -~ s12 %#conj{s12);

. dill = (s2. #si1z-312. %conj(si12z))./detS; ‘
:{ dli2 = (s2. #s122-512. #322). /deatS; |
. d121 = (si.%#con, (s12z)=conj(s12). #slz). /detS;

- dl22 = (sl #s2z-con j{(sl2). #s122). /detS;

L // Trace dl##2

.. tdls = dli1l. #dlil + d122. #d122 + 2#d112. »dl21;

11..

v if stdl=eps, disp(‘/numerical failure. vanishing info matrix’);

si = sum(tdls(1:2:Nfrq));

P

{

i

{

stdl = max([eps,abs(sum(tdls))l); 1
[

|

4

|

|
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3 ",1
i3
3
o s@ = sum(tdls(Q: Q:Nfrg));

a erry = [(s1-32)/stdl, abs(sli+s2)-stdll;

if sum(abs{errv))>0. 01,
disp(’lrelative halt-sum difference, O] (numerical integration check): ’
aTTV, .. ﬁ
else end;
tinf = stdl/(2#N+frq);
vipn = (1/¢tinf)/(z2%2);

o Rl

e g
[y

T
-

MCMP. CTR = CRB For Multichannel Multipath Data, Unknown Range

/7 Lvipn.vypn.vyzpl = mcmp{snr. z1. 1a, 2. 4, Bs g, Nérq)

2l

//

// Compute CRB for range and depth estimation given 2-channel
// multipath and tdoa measurements.

s

// 21 = Sensaor | depth

// 122 = Sensor 2 depth

// 1 = Target depth @
// y = Target range projected to surface (meters)

// B = Target bandwidth (Hz). Must be from O o .5

// g = Common multipath attenuvation

// Snr = Signal %o noise ratio in dB g
// Nfrq = Number of frequency samples uniform on [0,B1l

//

// vipn = Cramer—Rao lower bound for the estimation of 2 3
// vypn = Cramer-Rao lower bound for the estimation of y ™
// vyzp = Cramer—Rac lower bound for cross-variance of y and :z

//

// Derived constants

J = sqrel{=1);

gl = g // Relative attenuation of 2ndary path to channel 1 | A
g = g; // Relative attenuation of Zndary path to channel 2 :B
¢ = 13Q0; // Spgeed of sound (m/sec)
£ = bx{0:Nfrq~11/Nfrq; // Hertz frequency axis -y
w = 2epind; // Radian frequency axis =™
Sxi=1; Sx2=i; // PSD of signal in band [~-8,B81] 8y
$NTL1 = snr; snr2 = snr; // SNR in channels | and 2, resp.
Sel = 10#%(-snT1/10); // PSD of noise in band (-pi,pil v
Se2 = 10##(-snr2/10); // PSD of noise in band C-pi,pil }g
/7/ disp(’disabling channel 1’); Sxi=0; -
// Multipath time delays _3
t11 = sgri{ysy+(2=21)#23)/¢c;
t21 = sqré(yey+(2z+21)#22)/¢c; .
ti2 = gqri(yey+(z-22)#42)/¢c; u
tdd = sqri(yey+{z+22)#%2)/c; =
122 3
.
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BT = max([(t22-t12)#B, (t21-t11)#B]);

ppc = Nfrq/BT. // Number of integration points per multipath spectral cyci:

i# ppci20, disp((’ Warning, BT=',cves(BT,2), ' while Nfrq=’,cvs(Nfrq)l);
disp{((’ which means only ‘. cvfs(ppc,2),’ integration points per cycle’l).

// darivatives of delay wrt :z

cs = c#c;

t1lz = (z=z1)/(cs#tll);
t2lz = (z2+z21)/(cs#tdl);
t132z = (2-22)/(cs#tl);
tez = (2+22)/(cs#td2);

// derivatives of delay wrt y
€S = C#C;

tiily = y/(cs#tll);

t21ly = y/(cs#t21);

tidy = y/(cs#ti2);

ta2y = y/(cs#t2);

// Derivatives of source-to—sensor spectra wrt delay, depth, and range

/7 sil/: = sl/%11 ¢11/1 + sil/t21 tal/:

111 = =(2#Sxiugl)w(w #sin{(t11-t21)%yw)); /7 si/%l1l = - 51/¢21
slz = silin(t112-%212); // s111%tilz + s121%t21z
sly = s111#¢(t1ly=-t21y); // siiiwtiiy + si12i#t21y

// s/ = s2/t12 €12/1 + $2/t22 t22/:2

8212 = —(2%S5x2#g2)#(w. #sin(w*(£12-t22))); // = -s222
s22 = sala*(tldz - t222);

sy = s212#(t12y - t22y);

// 312z = cony(s21z) = sum(i, y=1{,2) s12/ti) tiy/z
e jw = exp( j#w);

e)il = exp( jwuntil);

e 12 = exp( jruetl2);

ej21 = exp( jouwet2l);

e 22 = exp( j*unt22);

ki=e j12+g2%e j22;

k@=conj (e jli+glne 21);

t= ) runrsqrt(Sx1%#Sx2);

x11 = -t #conj(ej11). #ki; // zx2 expands to "S12/%t"
xal = —glwt #con (e ;al). #ki;

x12 = ¢ #e 12. #k2;

122 = gawt. we 22, #k2;

812z = x1ietilz + x12#4127 + x21#t21z + x22#t221;
s1dy = x1li#tlly + 212%t12dy + x21#t21y + x22#t22y;

sl = Sxirabs(ones(l,Nfrql+gise il #conj (e j21))%42 + Seilsones(!,Nfrq);

s2 = Sx2#abs(ones(l, Nfrq)+gare 12 #conj(e j22))#22 + Se2%cnes(1,Nfrq);
$12 = gsqrt(Sx14+5x2)#k2. #k1;
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}
; detS = sl #33 - 512 %#cony(sld); i
H
// Do sisz = S##(~1) S/z2. Below, dzij means $~-1 dSs/dz (i, ] =

dzl] = (s2. #slz-s12 %#conj(sl22)). /detS;

]
3 dz12 = (s2. #s122~312. #822). /detS; <
; d:al = (s1. #cony(si2z)=cony(s12). #siz). /detS; o
dz22 = (sl. #s2z-conj{(s1Q). #s122). /detS;
‘ D)
// Trace dz##2 &
h tdzs = dzli. #dzll + dz22. #d222 + I#dz12. #dz221; e
Y stdz = simp{(tdzs);
b ctdz = simp(tdzs(1l:2:Nfrq)); p
. disp(’ Jil: Lsimpin)—=simp{({n=1)/2)1/simp(nd] = *); -
(stdz-ctdz)/max(lstdz, epsl)
disp(’ Jii: Lsimp(n)=simp((n=-1)/2)1 = ’); =
stdz=-ctdz td
if abs(imag(stdz))D>eps, disp(’reality failure, depth part’); stdz .
N stdz = real(stdz);
. Jmtx = ONES(2); // Allocate Fisher information matrix ]
Jmtx(1,1) = stdz2/2; ‘L:

// Do sisy = S##(-1) S/y. Below, dyij means S~-1 dS5/dy [i, 3]

dyll = (s2. #sly—-s12. #conj(sl2y)). /detS; 5
dyl2 = (s2. #sly-s12. #s2y). /detS; 5%
dy2l = (sl #conj(si12yl~cony(sl2). #siy). /detS;

dyaa = (31, #s2y—con j{slad). #si2y). /detS:

// Trace dyn«2 =
tdys = dyll. #dyll + dy22. #dy22 + 2#dyl12. #dy2i; .
stdy = simp(tdys); . s

ctdy = simp(tdys(1:2:Nfrq)); .
disp(’ JR2: L(simp(n)-—simp((n=1)/2)1/simp(n)] = *);
(stdy—ctdy)/max([stdy, eps])

-!_)
disp(’ Ja2: (simp(n)=simp((n-1)/2)]1 = *); 8
stdy—-ctdy -
if abs{imag(stdy))>eps, disp(‘reality failure, range part’); stdy
stdy = real(stdy); &~
Jmtx (2, 2 = stdy/2; e
// Trace diwdy L
tzys = dz1i. wdyll + dz12. #dy21 + dz21. #dyl2 + dz222. *dy22; Sl
stzy = simp(tzys); -
ctzy = simp(tzys(l:2:Nfrq)l);
disp(’ J12: [simp(n)=simp({n-1)/2)1/simp(n)] = /);
(stzy—-ctzy)/max{labs(stzy), eps])
disp(’ J12: [simp(n)—=simp({n—=1)/2)] = *);
stzy=-ctzy .
if abs(imag(stzy))>eps, disp(‘reality failure, range part’); o
stzy = real(stzy); o
i# abs(stzy)<aps, disp(’‘memp: 2er0o off-diagonal in info matrix’);
Jatx(1,2) = stzy/2; ‘.
Jmtx (2, 1) = Jmtx(1,2); ::.1
124 -
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long; Jmtx
short;
disp(‘condition number of J matrix: ‘); COND(Jmtx)

Jinv = INV(JUmtx);

vipn = Jinvi{l, 1)/(z%#2);
vypn = Jinv(2, 2)/(y#y);
vyzp = Jinv(l, 2)/(y*z);

MCTD.CTR - Compute Multipath Delays And Tdoa From Geometry

// [mpdl, mpd2, td12] = mctd(z1, 12,2, 4)

//

// Given geometry, compute multipath delays in each channel,
// and tdoa between channels.

7/ .

// 21 = Sensor | depth

// 7z = Target depth

// 4y = Target range projected to surface (meters)

/7
c = 1500; cs = c#c; // Speed of sound (m/sec)
tll = sqrt(y*y+(z-21)#%2)/¢; // source to sensor 1 direct
t21 = sqrély*y+(z+zl)ex2) /¢, // source to sensor ! reflected
mpDLl = t21-t11i; // multipath delay, sensor 1|
t12 = sqrtl{yey+(z-12)%42)/c; // source to sensor 2 direct
t22 = sqret(ywy+(z+z2)#%2)/c; // source to sensor 2 reflected
mpD2 = £22-t12; // multipath delay, sensor 2
tdiz = £12-t11; // tdca, channel 1 minus 2

MPSN. CTR =~ Adjust SNR To Eliminate Signal Boost Due To Multipath

// Ccsnrl = mpsn(snr, 21,22, 2,4.,B,g)

/7

// Compute SNR correction due to signal power gain
// in the presence of multipath.

/7/

// 11 = Sensor | depth

// 2 = Target depth

// y = Target range projected to surface (meters)
// B = Target bandwidth (Hz)

// 3 = Multipath attenuation

// Snr = Signal to noise ratic in dB given no multipath
Vs

// Derived constants
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hed ¢ = 1500; cs = c=c; // Speed of sound (m/sec) ‘.
4 W = Qu#pi%B; // Radian band limi% :3
til = gqré{ywy+(z—z1)#w2)/c; // saurce to sensar | direct
tal = sqrt(ysy+(z+z1)%82)/c; // source to sensor {| reflected
D1 = t21-t1il: // multipath delay, sensor 1

WD1 = WxD1l;
facl = 1+guau2+2#g#SIN(WDL) /WDY;

-
&
t12 = sqrtly#wy+(z—22)%%2)/c; // sgurce to sensor 2 direct b
22 = sqrt(ywy+(z+12)#22)/¢; // source to sensor 2 reflected
D2 = t22-t12: // multipath delay, sensor 2 o
WDZ = W#*D2; o
fac2 = 1+gaaQ+2#g+SIN(WDR) /WD2; -
1f snr=-10, if abs(g)=0.1, disp(’BT for MPL,MP2, and TDOA: ‘), "5:
CB+#D1, B#DQ, B#abs(t12-¢t11)1 B
fac = sqrii{faciwfac); // 1 don’t know if this is b-}
if fac<eps. Facsepgi disp(’mpsn: numerical failure: zero delay’); ;ﬁ
csnr 3 snr/fac; // corrected SNR N
SIMP.CTR — Simpson‘’s Rule For Numerical Integration s
/7 Lint]l = gimp(#) -3
// integrate £ using Simpson’s rule. Integral is NORMALIZED. ;Q
n = max(size(f));
if round(n/2)#2=n, disp(‘simp: Meed odd number 0f points’);

if n<3, disp(’simp: Need at least 5 data points’); _
int = (f{1)+f(n)+dnsum(f(2: 2: n=1) ) +2%sum(£(3:2: n=2)))/3; »
int = int/(n=1);
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T?'? A APPENDIX 4
CORRELOGRAM GENERATION PROGRAM

The following are listings of the correlogram and line tracking software.
Nl &
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»

i}DRAZ:[ABEL]XRSDA.FOR;7 24-FEB-1986 12:21

-

<

options/check=all

program xrsda

. o WS

A
- e

XRSDA takes .i2 data from xfile and yfile and produces auto-
and cross- correlograms and spectrograms stored as .r4 in
rxyfile, sxyfile, rxxfile, etc.

The ith line of the cross-correlogram is +/-1024 lags of the
biased/unbiased ML/PHAT/SCOT/unormalized cross-correlation estimate

-
&

. oy

c based on nspl*nrps*256 points, beginning at the (d*i)th point

» of x and y. The lines of the auto-correlograms are 1024 lags

:§.~ of the auto-correlation estimate.

Cc

c Correlograms are computed as ifft(spectrograms}. The spectrograms
!! are computed as peroidograms based on nspl non-overlapping averages
e of nrps*256 point 8k fft's of x and y.

Cc

RS

9 XRSDA 'decimates' the correlograms and spectrograms for display on
¢ the DeAnza. r42mas, daform and flx should be used to create plot
.§ files on floppy disks.

RS

c

.' declarations

c

’.f‘

ri implicit none !t input/computation variables
r>

character*20 xfile,yfile,rxyfile,sxyfile
character*20 rxxfile,sxxfile,ryyfile,syyfile
character*l6 nrmlzn

integer i,1ii,iii,j,k,1,itemp

integer nspl,nrps,sdf,m,d,nl,nrpl, frr
integer lpco,hpco,nrm

Xy integer*2 x(256,2048),y(256,2048)

- real*4 r(2048,3),s(512,3),rtemp(3),scl(3)
logical gtyes,xey,bce

.'

«
-

real*4 temp(1024%64) 11 sk
integer a,b,c 11 dksek

e o

X

integer status,ierr !t ap variables
integer xadr,xxadr,yadr,yyadr,wadr, sadr

integer xyadr,tempadr, fts,nc,ne

real*4 apbufr(8192,3),apbufs(4097,3),apbufw(8192)

o
| PR SPLAAAY

integer xch,ych,sxych, rxych !l i/o variables

35
3
wC
|




l'Q)
Y, DRA2:[ABEL]XRSDA.FOR;7 24-FEB-1986 12:21
0y 5
%N: integer sxxch,rxxch,syych,ryych i
L .
AN
b ¢ initialization ’
ey ¢
I c
’}Lj xfile='bvdata:mpcl.i2’ ! set default input values
s yfile='bvdata:mpc2.i2"
:%{1 rxyfile='cg:rxy.r4'
e sxyfile='cg:sxy.r4'
- rxxfile="cg:rxx.ré’
iui sxxfile='cg:sxx.r4’
e ryyfile="'cg:ryy.r4!'
T syyfile='cg:syy.r4!'
;1}4 xey=.false.
KR nrmlzn='nonePHATSCOTML '
c
Wiy nl=512
f‘@ nrps=16
}f m=512
ey sdf=8
b“- d=1
nspl=4
N lpco=4096
jfj hpco=1
- frr=1
gﬁi nrm=0
e c
xadr=1000 !t ap defaults
Ko xxadr=9200
*iﬁ yadr=17400
»2¢} yyadr=25600
?‘i; xyadr=33800
e tempadr=42000
\j sadr=50200
?.;.0 wadr=55000
ey
LHEY nc=4097
T fts=8192
(3
vy a=0 11 sekokk
= b=1024%64-1 11 dokdkek
oo c=2 11 okkkk
L e
i-f xch=1 11" 1/0 defaults
'izb ych=2
. rxych=3
Lo sxych=4
\?@3 rxxch=13
e sxxch=14
~Qf ryych=23
*&T: syych=24
. ©
5 C
i:: c input
"o ¢
p("; ¢ 1
‘%x{ 200 call clrsern 130
oy
s
S I I I I ORI Pt P PPt PR OOy S AL L O TR TR S PN P SR A N O Y0 X
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E;

gLDRAZ:[ABEL]XRSDA.FOR;7 24-FEB-1986 12:21
] P" ,
y call otstr('Program XRSDA -- computes the atuo- and cross-',l)
; . call otstr(' correlogram and spectrogram',l)
. l call otstx(' of x,y. Output for DeAnza',))
. call gtstr('Enter the name of the input file for x ',6xfile,20)
y . call gtstr('Enter the name of the input file for y ',yfile,b20)
TN call gtstr('Enter the output file-name for Rxy',rxyfile,20)
: call gtstr('Enter the output file-name for Sxy',bsxyfile,20)
¢ call gtstr('Enter the output file name for Rxx', rxxfile,20)
!l call gtstr('Enter the output file name for Sxx',sxxfile,20)
{ Y call gtstr('Enter the output file name for Ryy',ryyfile,20)
; call gtstr('Enter the output file name for Syy',syyfile,b20)
j 3] call otstr(' ',2)
N call gtint('Number of records per processing segment',K nrps,16,2)
\ itemp=int(2048./float(nrps))
" call gtint('Number of segments per correlogram line',nspl,itemp,l)
0N call gtint('Number of records skipped between lines',d,99999,1)
- call gtint('Number of the first record read',frr,99999,1)
) call gtint('Number of lines computed',nl,512,1)
'Y call otstr(' ',2)
K call gtint('0O-no normalization, 1-PHAT, 2-SCOT, 3-ML',nrm,3,0)
! bce=gtyes('Biased correlation estimates (y/n):')
ke call otstr(' ',2)

X 3
“r %

call gtint('Enter low pass cut off -- 4096 bins ',lpco,4097,1)
call gtint('Enter high pass cut off -- 4096 bins',hpco,lpco,0)

c
ii call clrscrn 1! print input values
call otstr('Data entered:',2)
< write(6,120) xfile
h ‘EZO format(' data source 1:',a20)
write(6,130) yfile
130 format(' data source 2:',a20)

'(‘ write(6,140) rxyfile
B W0 format(' Rxy:',a20)
N write(6,150) sxyfile

. 750 format(' Sxy:',ba20)
[ write(6,141) rxxfile
VL6l format(' Rxx:',a20)
! write(6,142) sxxfile

!FQZ format(' Sxx:',a20)
T write(6,143) ryyfile

% 143 format(' Ryy:',a20)
L write(6,144) syyfile
v N4 format(' Syy:',a20)

call otstr('sS',1l)
write(6,160) (nspl*nrps)

260 format(' # of 256 pt records per correlogram line :',i6)
- write(6,170) d
170 format(' # of 256 pt records skipped between lines:',i6)
S write(6,196) (frr-1)
: ‘?6 format(' # of records skipped before the lst line :',1i6)
write(6,180) nl
Y J§0 format(' # of correllogram lines ', 148)
. write(6,194) nrps
94 format(' # of records processed per 8k fft:',6i4)
call otstr('#',1)
o write(6,192) (nrmlzn(nrm*4+1:nrm*4+4))
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192 format(' power specturm normalization: ', a4)
write(6,193) bce
193 format(' biased correllation estimates:',612)
call otstr('b',1)
write(6,195) hpco/2,lpco/2
195 format(' correlogram passband -- (',i5,',',1i5,') Hz')
call otstr('c',2)
c
c
if (gtyes('Values OK (y/n):') .eq. .false.) go to 200
c
c 1t reenter if mistakes
c
c
c
c
c post-input initalization
c
c
if (xfile .eq. yfile) xey=.true. !! auto/cross flag
c
ne=nrps*256
nrpl=nrps*nspl
c
c
do i=1,8192
apbufw(i)=0.
enddo
c
do i=1,ne-1
apbufw(i)=1.0
apbufw(8193-i)=1.0
if (.not.bce) then
apbufw(i)=float(ne)/float(ne-i+l)
apbufw(8193-1i)=float(ne)/float(ne-1i)
endif
enddo
c
c
c
c
c open files
c
¢
call opn(rxych,rxyfile, 'new') !'! output files
call opn(sxych,sxyfile, 'new')
call opn(rxxch,rxxfile, 'new')
call opn(sxxch,sxxfile, ‘new’)
call opn(ryych,ryyfile, 'new')
call opn(syych,syyfile, 'new')
c
¢
call opn(xch,xfile,'old') 1! open xfile
if (.not. xey) call opn(ych,yfile,'old') !! open y--if necessary
c
¢
c
¢ 132
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v
e main loop -- get data, compute correlogram lines
c
do 230 j=1,nl
c
. ‘C
e
a if (j .eq. 1) then 1t first data set -- read
c !'! nrpl records
- call rrecxy(xch,x(1,1),ych,y(1,1), frr, frr+nrpl-1,xey)
c
I else !! not first data set --
5; if (d .ge. nrpl) then 1t d# -- fresh data

ii=(j-1)*d+frr
% iii=ii+nrpl-1
. call rrecxy(xch,x(l,1l),ych,y(1,1),1i,1iii, xey)

c
Qi else !'! make room for d
R? !t records new data
) do 260 i=1,nrpl-d
do 270 ii=1,256
K y(ii,i)=y(ii,i+d)
270 X(ii,i)=x(1ii,1i+d)
260 continue
s !! get d new records
& !t put at end of x,y
iij=(j-1)*d+nrpl+frr
. ii=iii-d+1
Py i=nrpl-d+l
. call rrecxy(xch,x(1,i),ych,y(1,1),1i,1iii,xey)
endif
‘ endif
c
£
5
“e ap computations
c
5 if (j.eq.l) then
call apinit(0,0,status) ! initalize ap
call velr(0,1,65535) 1! clear ap
call apwr !t load constants
call apput(apbufw,wadr,8192,2)
call apwd
Y else
v, call velr(1000,1,53500) !'! clear all but window
endif
0
-}
c
j'}: do l=1,nspl ! process x,y
call veclr(xadr,l,2%ne) 1! clear data area

call veclr(yadr,l,2*ne)

Y
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c o
¢
call apwr 11 x,y --> ap -
call apput(x(l,(l-1l)*nrps+l),xadr,ne,l) =l
call apput(y(l,(1l-1)*nrps+l),yadr,ne,l) o
call apwd
c :.ro
c 3
call vflt(xadr,1l,xadr,l,ne) !'! convert to reals
call vflt(yadr,l,yadr,l,ne)
c
c L 1
call rfft(xadr,fts,l) 1t take 8k fft's
call rfft(yadr,fts,1) i
call rfftsc(xadr,fts,3,1) 't scale/undo wierd packing N
call rfftsc(yadr,fts,3,1)
c R
call vmov(xyadr,l, tempadr,l,fts+2) 1! conj (X)*Y+sum --> xyadr -
call cvma(xadr,2,yadr,2,tempadr,2,xyadr,2,nc,-1) .
[+ ,:.,.
c W

call vmov(xxadr,l, tempadr,l,nc) 1t conj (X)*X+sum --> xxadr
call scjma(xadr,2, tempadr,l,xxadr,l,nc)

(2]
)

call vmov(yyadr,1, tempadr,l,nc) 'Y conj (Y)*Y+sum --> yyadr
call scjma(yadr,2, tempadr,l,yyadr,l,nc)

| ¥

c
c N
enddo ! get new X,y X
c b
c
c o
if (nrm.eq.2) then 1t SCOT !&
c
call vmul(yyadr,l,xxadr,l, tempadr,l,nc) 3
call vsqrt(tempadr,l,sadr,l,nc) ' (xx*yy)**0.5 -
call crvdiv(xyadr,2,sadr,l, tempadr,2,nc) 11 SCOT o

call vmov(tempadr,l,xyadr,l,2%nc)

endif -3
c
c ]
c {%
{ if (nrm.eq.l) then 11 PHAT
. ¢ e
v . call vmov(xyadr,l, tempadr,l,nc*2) ;:
v call cvmags(tempadr,2,xyadr,l,nc) !'! magnitude*%*2 .
‘;\ call vsqrt(xyadr,l,sadr,1,nc) 11 sqrt(mag**2)

N call crvdiv(tempadr,2,sadr,l,xyadr,2,nc) 11 PHAT o~
-:.\ c h\
. endif
.:. c Ve

x %
> e N

: if (nrm.eq.3) then 't ML
134 >
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call cvmags(xyadr,2,sadr,l,nc)
call vsqrt(sadr,l, tempadr,l,nc)
call vclr(xadr,l,2*nc)

call crvdiv(xyadr,2, tempadr,l,xadr,2,nc)

call velr(yadr,1l,2%nc)

call vmul(xxadr,l,yyadr,l,yadr,1l,nc)
call vsub(sadr,l,yadr,l,xyadr,1l,nc)
call vdiv(xyadr,l,sadr,1l, tempadr,1l,nc)

call crvmul(xadr,2, tempadr,l,xyadr,2,nc)

endif

call vmov(xyadr,l, tempadr,l,fts+2)
call cvmags(tempadr,2,sadr,l,nc)
call vmov(sadr,1l,tempadr,l,nc)
call vsqrt(tempadr,l,sadr,l,nc)

call apwr
call apget(apbufs(l,1l),sadr,nc,2)
call apget(apbufs(l,2),xxadr,nc,2)
call apget(apbufs(l,3),yyadr,nc,2)
call apwd

if (hpco.ne.0) then
call vclr(xyadr,1l,2*hpco)
call velr(xxadr,l,hpco)
call veclr(yyadr,l,hpco)
endif

if (lpco.ne.4097) then

call vclr(xyadr+2*lpco,l,2*nc-2*1lpco)
call velr(xxadr+lpco,l,nc-1lpco)
call veclr(yyadr+lpco,l,nc-1lpco)

endif

call vmov(xxadr,l, tempadr,1l,nc)
call veclr(xxadr,l,2*nc)
call vmov(tempadr,l,xxadr,2,nc)

call vmov(yyadr,1l, tempadr,l,nc)
call veclr(yyadr,1l,2*nc)
call vmov(tempadr,l,yyadr,2,nc)

call rfftsc(xyadr,fts,-3,0)
call rfftsc(xxadr, fts,-3,0)
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1! mag¥**2(xy)
'Y mag(xy)
1! phase(xy)
'Eoxxvyy
P oxx*yy-xy**2

1o xy**2/(...)
't ML

!! mag of Sxy

!! xy-->apbuf
!'! xx-->apbuf
!'! yy-->apbuf

11 1p filter
't Sxy, Sxx, Syy

1! hp filter
!'! Sxy, Sxx, Syy

1! make Sxx cplx

! 'make Syy cplx

!'! pack for ifft
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e
call rfftsc(yyadr,fts,-3,0) t?
c
c -
c -
call rfftb(xyadr, tempadr, fts,-1) 't (un)biased ifft i
call vmul(tempadr,l,wadr,l,xyadr,1,fts) 't in xyadr
Cc b
call rfftb(xxadr, tempadr, fts,-1) 't (un)biased ifft %
call vmul(tempadr,l,wadr,l,xxadr,l,fts) 11 in xxadr '
c
call rfftb(yyadr, tempadr, fts,-1) 't (un)biased ifft Ea
call vmul(tempadr,l,wadr,l,yyadr,1,fts) !'1 in yyadr )
c
¢ (
: 4
o iy
call apwr
call apget(apbufr(l,l),xyadr, fts,2) !'! xyadr-->apbufr &
call apget(apbufr(l,2),xxadr,fts,2) !'1 xxadr-->apbufr (
call apget(apbufr(l,3),yyadr,fts,2) !! yyadr-->apbufr
call apwd
: 8
[o4
< faf]
c ! initalize output e
if (j.eq.1l) then ’
do k=1,3
rtemp(k)=0. r.
enddo Eﬁ

scl(1l)=sqrt(apbufr(l,2)*apbufr(l,3))
if (nrm) scl(l)=float(fts) y
scl(2)=apbufr(l,2) "
scl(3)=apbufr(l,3) o

endif
c -
c b
1=0 !1 decimate S
do 320 i=1,ne-1 e
do k=1,3 3
rtemp (k)=rtemp (k)+apbufs(i, k) =
enddo .
if (mod(i,8).eq.0) then Fg
l=1+1 e
do k=1,3
8(1l,k)=10%1logl0O(1l.e-30+rtemp(k)*float(fts)/(8.*scl(k))) "
rtemp(k)=0. :Q
enddo
endif .
320 continue $}
c N
c
: £
c é}
1=0 F
do k=1,3 o
rtemp(k)=0. ?\’
enddo -
c
136 o
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do 321 i=1,512

do k=2,3
r(i,k)=apbufr(i,k)/scl(k)
rtemp(k)=0.

enddo

continue

1=0

do k=1,3
rtemp (k)=0.
enddo

do 322 i=1,1024

rtemp(l)=rtemp(l)+apbufr(i,l)*=*2
rtemp(2)=rtemp(2)+apbufr(7168+i,1)**2

if (mod(i,4).eq.0) then
1=1+1

24-FEB-1986 12:21

1Y £i11 Rxx,Ryy

1 £fill Rxy

r(256+1,1)=rtemp(l)/((scl(l)**2)*4 )
r(l,l)=rtemp(2)/((scl(l)**2)%4. )

rtemp(1l)=0.
rtemp(2)=0.
endif

continue

call wrec(rxych,r(l,1) ,4%j-3, 4%j)
call wrec(sxych,s(1l,1),4%j-3,4%]§)
call wrec(rxxch,r(1,2),4%§-3,4%j)
call wrec(sxxch,s(1,2),4%j-3,4%]§)
call wrec(ryych,r(l,3),4%j-3, 4%§)
call wrec(syych,s(1,3),4%j-3,4%§)

call otstr(':',0)

continue

call cls(xch)
call cls(ych)

call cls(rxych)

.Y
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't write r,s

close data files

close output files

...........................
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call
call
call
call
call

call
call

o000

stop
end

cls(sxych)
cls(rxxch)
cls(sxxch)
cls(ryych)
cls(syych)

otstr(' ',1)
otstr('...files written', 1)

include 'dra2:(abel.jsalib]jsaio.for/list’

138

-“ .:A.i 2 ‘Jmu{;ﬁ‘ Ry red N Luiz.\Aﬁia}_ :"-s...\ln‘&fl‘:i‘.i

24-FEB-1986 12:21

11 get i/0

[

v ot
»
g

I==3




w v wrowvre o eyt re T reh b aaa A Al A bl i bt a2t st sl i LS A L A ,]

'
| .. DRA2: [ABEL]JSAIO.FOR;11 24-FEB-1986 12:25

4
e file i/o subroutines -- records
written as 512 byte blocks

c
S .
I
5o subroutine opn(ch,nam,oon)
1 c
opens file w/ name=nam on unit ch
3, ‘- ::
implicit none
y - integer ch,ios
:Q character*(*) nam

f - character*(3) oon

c 1! open file
y &
X > open(unit=ch,name=nam, status=oon, err=100, iostat=ios,
" X recordtype='fixed', ,recordsize=512/4,access="'direct",
L X organization='sequential',blocksize=512%64)
N 3 return

100 call prterr('opn error',ios) !t print error
N return
N 6{ end
q

o
» w

c
: -, subroutine cls(ch)
L
‘e closes file on unit ch

implicit none
integer ch,ios

,,
o IR

1 close(unit=ch,status="'keep',err=100) !! close file
N return

Ce
1 100 call prterr('cls error',ios) !t print error
2 !; return

v end
{
\ 'y

o)

?

¥
7a

subroutine rrecxy(chx,xbuf,chy,ybuf,sr,fr,xey)

reads starting sr finnishing fr: chx-->xbuf, chy-->ybuf

[ xR,
5 0 "’.c

‘é if xey sets ybuf=xbuf -- no chy exsists
c
-~ implicit none
- integer chx,chy,nreds,sr, fr,i
(- byte xbuf(abs((fr-sr+l)*512)),ybuf(abs((fr-sr+l)*512))
n logical xey

‘.‘
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call rrec(chx,xbuf,sr, fr) !'! read x's records
¢
if (xey) then 1l xey-->set y=x
nrcds=fr-sr+l
do 200 i=1,nrecds*512
200 ybuf ({)=xbuf (i)
else
call rrec(chy,ybuf,sr, fr) !! else read y's records
endif
c
ity return
_-:_ end
t’:'. c
(o A c
. l
Y c
S
o subroutine rrec(ch,buf,sr, fr)
il c
.732 c reads fr-sr 512 byte records from ch to buf, starting at
p» c record sr finishing at fr
i [o]
i“- implicit none i
e integer sr,fr,ch,ios,i,s,]j
ol byte buf(abs((fr-sr+1)*512)), temp(512)
nfs  C
c
o if (sr .gt. fr) then 1! starting record after
S ios=999 !'! ending record
. goto 200
N endif
‘:«‘. c
*;) do 100 i=sr,fr !t read records sr...fr
e c
:ﬁx read(unit=ch,rec=1,err=200,iostat=i0s)temp
Lot €
B s=(i-sx)*512 1! put read buffer in
‘}ik do j=1,512 !t return variable, buf
i— buf (j+s)=temp(j) 1t 512 bytes/record
e enddo
L\ -‘:" c
2?{: 100 continue
SR
Sa return
[ £, c
~x% 200 call prterr('rrec err',ios) 1! print errors
K. return
SOSN8 end
\:,' c
h..:\ ¢
>, .‘ c
.
'):i c
y:% subroutine wrec(ch,buf,sr, fr)
e )
|$‘$ c writes buf to ch in 512 byte records --
' 140
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starting at record sr, finnishing at fr

implicit none
integer s,ch,sr,fr,ios,1i,]
byte buf(abs((fr-sr+l1)*512)), temp(512)

if (sr .gt. fr) then 1! starting record after
ios=999 '1 last record
go to 200

endif

do 100 i=sr,fr 1! write records sr...fr

s=(i-sr)*512

do j=1,512

temp(j)=buf(j+s) t1 £ill write buffer --
enddo 't 512 bytes/record
write(unit=ch,rec=i,err=200,iostat=ios)temp

return

call prterr('wrec error',ios) 1! print errors

return

end

terminal i/o0 routines

subroutine otstr(str,nlf)

prints str, on the current line, followed by nlf cr/linefeeds

implicit none
integer nlf,1
character*(*) str

write(6,100)str 1! prints string to terminal
format(lh+,a,$)

if (nlf .lt. 1) return t! prints lf's
do 200 l=1,nlf

write(6,300)

format(' ')

continue

return

end

141
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c .
Cc A
c -
subroutine gtstr(pt,var,n) =
c ot
c gets a string from the terminal -- prompts w/ pt, var=string
c var has length n<l101l Y
c o,
implicit none ”
character*(*) pt,var —
integer n,i,nchrs %é
character*100 invar -t
c
i=min(len(var), index(var,' ')) e
write(6,100) pt,var 't write prompt, default S
100 format(' ',a,' (',a<i>,"):'.,$)
Cc
read(5,200)nchrs, (invar(i:i),i=1l,nchrs) !! read srting Ef
200 format(q,100al)
c
if (nchrs .eq. 0) return 11 return default ?u
do 300 i=1,n “w
var(i:i)="' "'
300 if (i .le. nchrs) var(i:i)=invar(i:i) 1t £ill return variable w
return e
end i
c
c -
subroutine gtint(pt,igr,mx,mn) fﬁ
c
c gets integer from terminal -- prompts user w/ pt, accepts -
c igr in range (mn,mx) N
. .
c
c .1
implicit none L]
character*l0 itstr
integer igr,mx,mn,it,nchrs,i,lmn, lmx e
character*(*)pt 3
c -
i=2+max(1l, int(loglO(abs(float(igr))+. 1)))
write(6,100)pt,igr write prompt, default &
100 format(' ',a,' (',i<i>,"):',9%) )
c .
200 read(5,400)nchrs, (itstr(i:i),i=1,10) 1! get string kY
400 format(q, 10al) ﬁ:
Cc
if (nchrs .eq. 0) return 1! take default if no o
c 1! entry -?
call s2i(it,itstr) 1! convert str-->int N
c
if ((it .le. mx) .and. (it .ge. mn)) then 11 check range e
igr=it EE
return
endif
lmn=2+max(1l,int(loglO(abs(floatj(mn))+.1))) &:
lmx=2+max (1, int(loglO(abs(floatj(mx))+.1))) LS
write(6,300)mn,mx !! not in range
142 bi
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format(' The (min,max)are (',i<lmn>,',',i<lmx>,') -- reenter:',$)
go to 200

end

subroutine s2i(itr,str)

converts string -- str -- to integer -- itr.

implicit none

integer a,l

integer itr,i,j,temp,pt
charactexr*(*) str

temp=0
pt=1
l=len(str)

do 100 i=0,1-1 !
a=ichar(str(l-i:1-1i))

if (a .eq. 48) go to 200

if (a .eq. 45) go to 300

if ((a .1t. 49) .or. (a .gt.
temp=temp+pt*(a-48)

pt=pt*10

continue

itr=temp

return

itr=sum{str(i)*10**j)

!t a='0’
1 g='-!

57)) go to 100 !! a not in 1--9

itr=-temp
return
end

subroutine gtrel(pt,rel,mx,mn)

gets real*4 from terminal -- prompts user w/ pt, accepts
rel in range (mn,mx)

implicit none
character*l0 rlstr
real*4 rel,mx,mn,rl
integer nchrs,i,lmx,lmn
character*(*)pt

write(6,100)pt,rel !! write prompt, default
format(' ',a,’ (', f<5+max(1l,int(loglO(abs(rel)+.1)))>.3,'):',%)

read(5,400)nchrs, (rlstr(i:i),i=1,10)
format(q,10al)

!t get string

if (nchrs take default if no

.eq. 0) return '
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c !'! entry
call s2r(rl,rlstr) 't convert str-->int
c
if ((rl .le. mx) .and. (rl .ge. mn)) then 1! check range -
rel=rl
return
endif
1mx=5+max(1, int(loglO(abs (mx)+.1))) i
lmn=5+max(1l, int(loglO(abs(mn)+.1)))
write(6,300)mn,mx !'! not in range
300 format(' The (min,max)are (', f<lmn>.3,',', f<lmx>.3,")
X -- reenter:',$)
go to 200
end
c
c
c
subroutine s2r(r,str)
c
c converts string -- str -- to real -- r.
e 13
implicit none {
integer a,l,i,]
real*4 r,temp,pt &
character*(*) str
c
temp=0.
pt=1. ¢
l=len(str)
c
do 100 i=0,1-1 1 itr=sum{str(i)*10%*i)
a=ichar(str(l-i:1-1)) ;
if (a .eq. 45) go to 300 1t am'-"
if (a .eq. 48) go to 200 1! am'Q’
if (a .eq. 46) then 11 gm!' ! ,
temp=temp/pt .
pt=1.
go to 100 ;
endif K
if ((a .1t. 49) .or. (a .gt. 57)) go to 100 !! a not in 1--9
temp=temp+pt*float(a-48)
200 pt=pt*10. y
100 continue .
r=temp
c
return .
c
300 r=-temp
c
c
return
end X
c
c
c 1
c 3
subroutine clrsern !
c
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3 ié clears the screen

> .

K iﬂ byte sbuf(4)

& sbuf(1)=27 ! ESC

SR sbuf(2)=91 ! |

N sbuf(3)=50 ! 2

Q - sbuf(4)=74 1 J

i write(6,100) (sbuf(i),i=1,4)
" !OO format (lh+,4al)

): return

k N end

.’ et

.
:-’\l"n )

1 -
% logical function gtyes(pt)
f' a; prompts user w/ pt, returns .true. if 'yes'
C
M implicit none
oy character ystr
,ﬁ ) character*(*) pt
o ¢
20 gtyes=.false.
|! write(6,100) pt !l write prompt
" 00 format(' ',a,$)
3 read(5,200) ystr !l get response
X Y00 format(al)
j{ - if ((ystr .eq. 'y') .or. (ystr .eq.'Y')) gtyes=.true.
b return !'! true if first
e end !'! character is y or Y
4
A [o4
SR
" o
B -
iﬁ ~~
L subroutine prterr(msg, ios)
L
H
> .f' prints runtime error codes
. c
[ .. character*(*) msg
‘S integer ios
E ")
[ %
= N write(6,100) msg,ios !! write message and code
& w00 format(' ',a,':',i4) !! to terminal
2 N
? return
Lo, end
P ..-'
N L
-
P
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o
integer*4 number_of_ points
Ar integer*4 output_file_number
i integer*4 starting point
character*20 temp_string
character*80 oname, iname, tfnam
o~ integer¥s4 och(4),ich
=% logical gtyes
c
ﬁ initialization
o
c
o «
- do i=1,4 !
och(i)=14+1i
enddo
"';. ich=2
- iname='data:rxytest.ré4' )
. oname='data:rxygm.r4' :
b~ tfnam='data:track.fil' p
N number_of points=100
sl=1
ot nbins=512
\ sbin=l
A scl=1.
thr=2.
g pct=.7
c
;f input
i
100 call gtstr('Enter the output gram file name', oname,80)

call gtstr('Enter the output track file name', tfnam,80)
call gtstr('Enter the input file name', iname, 80)

call gtint('Enter the number of epochs',number of points,700,1) ;
call gtint('Enter the starting epoch number',sl,9999,1)

call gtint('Enter the number of fft bins',nbins,99999,1)
call gtint('Enter the starting bin number',sbin,99999,1)
call gtrel('Enter the input scale factor',scl,99999.,.00001)
call gtrel('Enter the pw threshold',thr,99.,1.)

call gtrel('Enter the pw percent',pct,l.,0.)

S

-1
A

v

call otstr(' ',2) ’
o if (.not.gtyes('Inputs ok (y/n): ')) go to 100 i
3. call otstr(' ',5) ‘
, call opn(och,oname, 'new') 1
Ck call opn(ich, iname, 'o0ld') |
. call adecini(number_ of points) :
(o4 1
& body |
c
€

starting point = 1

call 1fcr 149
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i call percom ( O, number of points, 5)
%
. do i = 1, number_of_points A
call percom ( i, number_of points, 3) L
c “
c o
' call adecrd ( ich,i,fft_amplitudes,sl,scl,nbins,sbin) o
] c
T c !! read in an FFT line and normalize
s ¢ Y
:» starting_point = starting point + 512
; call doadec ( fft_amplitudes) ! process FFT line L
" if ( mod ( i, 175) .eq. 1 .and. i .ne. 1) then
call abelfin ( och,gram number, gram) ﬁz
; do j = 1, 89600 H
gram ( j) =0
end do 0
] gram_number = gram number + 1
‘ temp_string = 'adec' // char ( gram_number + 48) // '.grm' e
{ call opn(och(gram_number),temp_string, 'new')
- end if Sy
. %
{ call adecgram ( mod ( i - 1, 175) + 1, gram) ! output adec results
) A
call writestuff(i,fft amplitudes, thr,pct,number_of points, tfnam) ii
y end do _
g call abelfin ( och, gram number, gram) &
. call cls(ich)
5 end od
c B
" include 'jsaio.for' 11 get jsa's i/o :
d e
4 c ":
: c C}
W (o4
N © L
é' subroutine abelfin(ch,gn,x) ’;
Y [od Y
c
{ c writes gram -- x to channel ch(gn) T
VI B
>
< implicit none (7
) integer+4 ch(4),gn,1,]
K real temp(512),x(512,175)
‘ c
. ¢ s
y ¢ iy
. do i=1,512
b temp(i)=0 -
{ enddo %
N, ¢ N
‘ 15
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4 do 1000 i=-1,175
c
i do 2000 j=1,512
temp (j)=x(j,1)
2000 continue
-
K call wrec(ch(gn),temp,4*(i-1)+1,4%1)
~1000 continue
c
.
call cls(ch(gn))
-~ end
-~ subroutine assoc ( association_threshold, association_gate_min,
. 1 association_gate_max, association_gate_slope, fft_ amplitude,
1 fft_associated, max_fft bin number)
& implicit none
v real association_gate_max
} real association_gate_min ( 1)
- real association_gate_slope ( 1)
- real association_threshold
X real fft_amplitude ( 1)
. logical*l fft_associated ( 1)
integer max_fft_bin_ number
N‘!
real association_gate
integer bin
. logical*l lower_edt
- real lower_ limit
- integer lower_limit bin
integer other_track
v integer track
. logical*l upper_edt
real upper_limit
. integer upper_limit_bin
g include 'tracks.inc'
=
~,
.
\-
Ve
¥
-

'q"f-"

oy n
W - %11-F>
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do bin = 1, max_fft_bin_number

fft_associated ( bin) = .false.

end do

do track = 1, number_ of_ tracks

1
1
1
1
1
c
c
1000
1
1
c
c

if ( t_adaptive_amplitude ( track) .gt. association_threshold) then

association_gate =
association_gate min ( t_type ( track)) +
association_gate_slope ( t_type ( track)) *
( t_adaptive_amplitude ( track) - association_threshold)

association_gate =
min ( association_gate, association_gate_max)

else

association_gate = association_gate_min ( t_type ( track))

end if

upper_limit = min ( t_frequency ( track) + association_gate,
float ( max_fft_bin_number))
lower_limit = max ( t_frequency ( track) - association_gate, 1.)

Check for to see if any higher frequency edt track will affect the
upper limit of the association.

do other_track = track + 1, number_of_tracks
if ( t_type ( other_track) .eq. edt) then
upper_edt = .true.
goto 1000
end if
end do

upper_edt = .false.
continue

if ( upper_edt) then
upper_limit bin = min ( upper_limit,
( t_frequency ( track) + t_frequency ( other_track)) * .5)
+ 0.5
else
upper_limit_bin = upper_limit + .5
end if

Check to see if any lower frequency edt track will affect
the lower limit of the association

do other_track = track - 1, 1, -1
if ( t_type ( other_track) .eq. edt) then
lower_edt = .true.
goto 2000
end if
end do
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lower_edt = .false.
iOOO continue

if ( lower_edt) then
o lower_limit_bin = max ( lower_limit,
o 1 ( t_frequency ( track) + t_frequency ( other_track)) * .5)
- % 1 + .5
else
' lower_limit_bin = lower_limit + .5
= end if

R
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b
c Associate cell(s) with track. o
t_associated_amplitude ( track) = fft_amplitude ( lower_limit_bin) .
t_associated_cell ( track) = lower_limit_bin o
do bin = lower_limit_bin, upper_limit_bin ke
if ( fft_amplitude ( bin) .gt. t_associated_amplitude ( track))
1 then 5%
2
t_associated_amplitude ( track) = f£ft_amplitude ( bin)
t_associated_cell ( track) = bin E%
end if =
if ( t_type ( track) .eq. edt) fft_associated ( bin) = .true.
! all tracks in window of edt are associated o
end do -l
fft_associated ( t_associated cell ( track)) = .true. =
if ( t_associated_amplitude ( track) .lt. ot
1 t_adaptive_amplitude ( track)) then N
72
t_dcell ( track) = ( t_associated cell ( track) - w2
1 t_frequency ( track)) * ( t_associated amplitude ( track) /
1 t_adaptive_amplitude ( track)) =
else o
t_dcell ( track) = t_associated cell ( track) - e
1 t_frequency ( track)
end if -
v
end do ;f
end -
real function besselil ( x) Y
&
real X i
real arg '?
real b R
integer i
real term .‘§
b=1 i
arg = x * x * ,25 )
term - 1 -
do i1 = 1, 25 "

term = term * arg / float ( 1) ** 2

if ( abs ( term / b) .1lt. le-4) goto 1000 N
b = b + term o

end do
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w
'

1000 besseli0 = b

=8

end
subroutine cmlne ( window_size, upper, lower, ns, rx, X)

: ?i implicit complex*8 ( a - z)
y
integer¥4 window_size
integer*4 upper
. integer*4 lower
integer*4 ns
- real rx ( *)
LD real X (%)
integer*4 i
b g integer*4 j
- real list ( 64)
real mean
= real temp

S FNTr
(e

Build first list

sivo

do i = 1, window_size

! list ( 1) = rx ( 1)

b - end do
c Sort list ( crudely right now.)
gé do i = 1, window_size

<

do j = i + 1, window_size
if ( list ( i) .gt. list ( j)) then
temp =~ list ( j)
. list ( j) = list ( i)
list ( i) = temp

: end if
[ o end do
2 end do
-_ Calculate mean
Ko
b mean = 0,
Koo do i = lower, upper
t o mean = mean + list ( i)
N~ end do
mean = mean / float ( upper - lower + 1)
e,
o

- Calculate noise estimate for left end of data

I
1 3
v

W do { = 1, window_size / 2

“H X ( 1) = mean

- end do
k.
: oy Calculate noise estimate for middle of data
3

do i = window_size / 2 + 1, ns - window_size / 2
0 call sorto ( list, window_size, rx ( 1 - window_size / 2))

N 155




L e bl it s 4 [l ni Ao al el i gl b A~ b Nt nt ghad l n it Jian Batt diges ek diet Jaah Aalt Bk ad Gedh Aol Sals Sk Sl ‘Aol ‘Ao

-
J'_r.ﬂ: .
el  DRA2:[DANIEL]HP.TMP;1 24-FEB-1986 12:28
::::*,' call sorti ( list, window_size, rx ( i + window_size / 2)) -
N call aver ( list, upper, lower, mean) B
*"-,:: X ( i) = mean
] end do £
. C Calculate noise estimate for right end of data )
"
S
*;: do i = ns - window_size / 2 + 1, ns .
.:::. X ( i) = mean i
4 end do
' N
% X end .
0
Y
S N
" Ny
] ¥,
o
e
N ;
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D block data

| . include 'tracks.inc'

data free_entry / 1/
data number_of tracks / 0/

end
subroutine adecfin ( output_file number, gram)

implicit none
o real gram ( 58100)
ii integer¥s4 output_file_number
- real buffer ( 512)
-~ integer buffer_ pointer
- integer i

integer j
m2 integer*s4 page
) page = O
. buffer pointer = 1
)
1;..
- do i =1, 332

do j = 1, 175

o
|l buffer ( buffer_pointer) = gram (( j - 1) * 332 + i)

if ( buffer_pointer .eq. 512) then
call ptpage ( page, output file_number, buffer)
) page = page + 1
- buffer pointer = 0
end if

et

buffer pointer = buffer_pointer + 1

-, end do
tj end do
c Zero pad last page.
-
T do i = buffer_pointer, 512
buffer ( i) = 0.
o end do
~* call ptpage ( page, output_file number, buffer)
_ call nclose ( output file number)
. 1
o 1
: ﬁ' end
! subroutine adecgram ( i, gram)
R
' g implicit none
' real gram ( 512, 175)
4 integer i
D
integer bin
integer track
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include

do bin = 1, 512

'tracks.inc'

gram ( bin, i) = 0.

end do

do track = 1, number of tracks
bin = t_frequency ( track) + .5
if ( t_detection_flag ( track)) then
gram ( bin, i) = 7.

else

gram ( bin, i) = 2.

end if
end do

end

subroutine adecini(number_of points)

implicit

integer*4
character*80
logical*l
integer

real

real

real
character*80
character*80
integer*4
integer*4
real

include
include

l.l."

3]

s

M i
o
 «
(4
s

Ol
i

e it

waatsals

K v
'lr

none

number_of_ points
coefficient_file name
error

i

new_track pfa
old_track pd
old_track_pfa
output_file name
param_file name
param_unit

range ( 2)
temp_real

'jhjlib.inc’
'param. inc’
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call getjfn ( param_unit)

error = .false.

param_file_name = 'adec.prm'

if ( error) call outmes ( 'Couln''t find file. Try again.')
error = .true.

call askstr ( 'Adec parameter file', param_file_name)

open ( unit = param_unit, err = 100, type = 'old', readonly,
1 form = 'formatted', file = param_file_name)

Read in adec paramters
type 1000

read ( param_unit, *) amplitude_smoothing_constant
type 1001, 'amplitude_smoothing constant', amplitude_smoothing_ constant
read ( param_unit, *) association_gate min ( 1)
type 1001, 'association_gate_min', association_gate min ( 1)
read ( param_unit, *) association_gate_max
type 1001, 'association_gate_max',6 association_gate_max
doi=1, 3
read ( param_unit, *) association_gate_slope ( 1)

type 1001, 'association_gate_slope ' // char (i + 48),
1 association_gate_slope ( i)
end do
read ( param _unit, *) association_threshold
type 1001, 'association_ threshold', association_threshold
read ( param_unit, *) old_track pd
type 1001, 'old_track pd', old_track pd
read ( param_unit, *) old_track pfa
type 1001, 'old_track_pfa', old_track _pfa
detection_threshold = log ( old_track pd / old_track_pfa)
drop_threshold = log (( 1. - old_track pd) / ( 1. - old_track_pfa))
read ( param_unit, *) temp_real
display_threshold = detection_threshold + temp_real
type 1001, 'display_threshold', display_ threshold
read ( param unit, *) dynamic_tracking threshold
type 1001, 'dynmamic_tracking_threshold', dynamic_tracking_threshold
read ( param unit, *) faca
type 1001, 'faca', faca
read ( param_unit, *) log_likelihood_max
type 1001, 'log_likelihood max', log_likelihood_max
read ( param_unit, *) max_fft_bin_number
type 1002, 'max_fft_bin_number', max_fft _bin_number
read ( param_unit, *) merge_gate
type 1001, 'merge_gate', merge_gate
read ( param_unit, *) rate_gate
type 1001, 'rate_gate', rate_gate
read ( param_unit, *) new_track pfa
type 1001, 'new_track pfa', new_track_pfa

close ( unit = param_unit)

type 1003
do i =1, 3
new_track_threshold ( i) = sqrt ( -2. * log ( new_track_pfa))
end do
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\ A
R association_gate_min ( 2) = association_gate_min ( 1) Ld
o association_gate min ( 3) = association_gate_min ( 1)
[y e - i
" vd
detection_threshold = log ( old_track pd / old_track pfa) K

drop_threshold = log (( 1. - old_track_pd) / ( 1. - old_track_pfa))
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1000 format
1001 format
1002 format
1003 format

'0Adec parameters:'//)
1x, a, '=', gl3.6)

1x, a, '=', il13)

IOI)

L ||

end

subroutine adecrd ( ch, starting_point, .
1 fft_amplitudes, sl, scl,nbins,sbin) éi
real fft_amplitudes ( *),scl J
integer*4 ch,sl,i,j,k,nbins,sbin

integer*4 starting_point i
complex coefficient_array ( 512) .
real nse ( 512) Egl
real temp ( 512)

real temp2 ( 9999)

include 'jhjlib.inc’

j=(sl+starting point-2)*nbins+sbin
k=int(float(j)/128)+1
l=k+int(float(nbins)/128)+1

call rrec(ch, temp2,k,1)

B3

iimj-(k-1)%128+1

do i=1,512
temp(i)=scl*temp2 (i+ii)
enddo

call cmlne ( 32, 16, 1, 512, temp, nse) -

-

do i = 1, 512

fft_amplitudes ( i) = scl*temp2 ( i+ii) / sqrt(nse(i))*.558
end do

LA .
[ == VRN

end
program adecw

X ¥ 3

implicit none

4V

integer*s4 coefficient_file number

real fft_amplitudes ( 512), scl, thr, pct

real gram ( 89600) ¥
integer gram_number / 1/ :ﬁ
integer i}

integer*4 sl,sbin,nbins
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subroutine sorto ( list, window_size, value)

i real list ( 1)
integer*4 window_size

real value

o3

oo integer*4 i

h integer*4 j

' do i = 1, window_size

w if ( value .eq. list ( 1)) goto 100
end do

o

ff{LOO continue

‘ Compress list

A

" do j = i, window_size - 1

list ( j) = list ( j + 1)

Iy end do
end

Ry

%

o LA
“ L a e, .,

L

¥ v e
PR
¢

A 161

-
A.”' o

T A L O I AN L T
L S T A AT s




T WY W W W WY e T N O AW R W TR W W TRy cab tansan  an oo o Al i A ade ko ale Alo ale Al e B A A b K Rl et

-'\
‘-

P
_DRA2: [DANIEL]HP.TMP;1 24-FEB-1986 12:28 .
subroutine sorti ( list, window_size, value) '\‘:Z
real list ( 1) o,
integexrx4 window_size '
real value bt
integer*4 i :)‘
integer*s4 j i
real templ
real temp2 0
byl
do i = 1, window_size - 1 o
if ( value .1lt. list ( i)) then
goto 100 F}'
end if )
end do
i = window_size ?
100 continue -
temp2 = value el
c Compress list ’{Q
do j = i, window_size a
templ = list ( j) v
list ( j) = temp2 H
temp2 = templ
end do
Iy
end e
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3 '
i - subroutine aver ( list, upper, lower, mean)
4 v .
- . real list ( 1)
' integer*4 upper
> integer+*s4 lower
{ ~ real mean
:\ "u
A j.\
g =" mean = O.
! - do i = lower, upper
SHERS mean = mean + list ( 1)
X end do
T g; mean = mean / float ( upper - lower + 1)
. T
1
end
-‘:: g subroutine compress
k) . . .
b implicit none
é ES integer target_track
integer track
integer track counter
» include ‘tracks.inc’

track_counter = 0

’ . target_track = 1

by do track = 1, free_entry - 1

:i - if ( t_frequency ( track) .ge. 0) then
iy

")

{

N
PRt g =
s

track_counter = track_counter + 1
. if ( track .ne. target_track) then

- t_adaptive_amplitude ( target_track) =
. 1 t_adaptive_amplitude ( track)
t_age ( target_track) = t_age ( track)
t_associated_amplitude ( target_track) =
t_associated_amplitude ( track)
N t_associated_cell ( target_track) =
1 t_associated_cell ( track)
t_dcell ( target_track) = t_dcell ( track)

o l‘.,-t 5
0 S
—

.: t_detection_flag ( target_track) =

* 1 t_detection_flag ( track)

- t_frequency ( target_track) = t_frequency ( track)
LU t_frequency_rate ( target_track) =
iy - 1 t_frequency_rate ( track)

~ t_id ( target_track) = t_id ( track)
:: -, t_log_likelihood ( target_track) =

, ‘s 1 t_log_likelihood ( track)
N = t_type ( target_track) = t_type ( track)

‘I

‘- -
sy,

end if

target_track = target_track + 1
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end if A
& end do e
el
_ number_of_ tracks = track_counter
e free_entry = number_of_ tracks + 1 ;-
~
le '(4‘
" end -
) subroutine deltra ( track)
implicit none L
integer track B
Py
include 'tracks.inc'
t_frequency ( track) = -1.0 E
end T
subroutine doader ( fft_amplitudes) {
implicit none t'ﬂ
real fft_amplitudes ( *) ‘
real alpha ( 32) s/ 10 * 18750, .20099, .21301, .22601,
1 .23700, .24899, .26099, .28125, .30600, .32999, Vo
1 .36499, 12 * ,37900/ ﬁ
real beta ( 32} / 9 * .87500, .01941, .02246, .02637,
1 .02863, .03186, .03640, .03918, .04602, .05527, s
1 .06522, .07661, 12 * .08862/
logical*l fft_associated ( 512) Q
include 'param. inc' '
include 'tracks.inc' .
o
3
&
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c Associate existing tracks with FFT cells.

i call assoc ( association_threshold, association_gate_min,
1 association_gate_max, association_gate_slope, fft_amplitudes,
1 fft_associated, max_fft_bin_number)

‘

Hb Update existing tracks.
call update ( amplitude_smoothing_constant, detection_threshold,

!! 1 display_threshold, drop_threshold, log_likelihood_max)

o

c Create new tracks.

1.::

tﬁ call newtra ( fft_amplitudes, fft_associated, max_fft bin_number,
1 new_track_threshold)

!ﬁ Put the track table back into order of increasing frequency.

»
call sort

ﬁ

1 Merge equivalent tracks.

o call merge ( merge_gate, rate_gate)

= Smooth and predict new frequency and rate.

P call smooth ( dynamic_tracking_threshold, faca, alpha, beta,
1 max_fft bin_number)

. end

t: subroutine domerg ( trackl, track2)
implicit none

‘ integer trackl
integer track?2

{: integer deleted track

" integer retained_track

K include ‘tracks.inc’

3

-

0

"

A

<

a
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if (( t_type ( trackl) .eq. edt) .and. ( t_type ( track2) .eq. edt))
1 then

if ( t_detection_flag ( trackl) .eq. t_detection_flag ( track2))
1 then

if ( t_adaptive_amplitude ( trackl) .ge.
1 t_adaptive_amplitude ( track2)) then

retained_track = trackl

else
retained_track =~ track2

end if

else

if ( t_detection_flag ( trackl)) then
retained_track = trackl

else
retained_track = track2

end if

end if

else if ( t_type ( trackl) .eq. edt) then
retained_track = trackl

else if ( t_type ( track2) .eq. edt) then
retained_track = track2

else

if ( t_log_likelihood ( trackl) .gt. t_log_likelihood ( track2))
1 then

retained_track = trackl

else if ( t_log likelihood ( trackl) .lt.
1 t_log_likelihood ( track2)) then

retained_track = track2

else 1f ( t_adaptive_amplitude ( trackl) .gt.

1 t_adaptive_amplitude ( track2)) then

retained_track = trackl

else
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retained_track = track2
end if

end if

]
a
I\\
o
. DRA2: [DANIEL]HP.TMP;1 24-FEB-1986 12:28
¥
R

if ( retained_track .eq. trackl) then
deleted_track = track2

else
deleted_track = trackl

end if

if ( t_age ( trackl) .ge. t_age ( track2)) then
t_id ( retained_track) = t_id ( trackl)
else
t_id ( retained track) = t id ( track2)
end if

t_age ( retained_track) = max ( t_age ( trackl), t_age ( track2))
call deltra ( deleted_track)

end
file i/o subroutines -- records
written as 512 byte blocks

subroutine opn(ch,nam,oon)
opens file w/ name=nam on unit ch

implicit none
integer ch,ios
character*(*) nam
character*(3) oon
t! open file

open{unit=ch,name=nam, status=oon, err=100,lostat=ios,
recordtype='fixed',recordsize=512/4 6 access="'direct’',
organization='sequential',blocksize=512*%64)

return

call prterr('opn error’',ios) 1t print error

return

end

subroutine cls(ch)
closes file on unit ch

implicit none

AR AN
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. integer ch,ios “
c
close(unit=ch,status="keep',err=100) !! close file o2
return wl
c
100 call prterr('cls error',ios) !t print error .
return rl
end {s
c
c !
¢ ol
c
c .-‘A
subroutine rrecxy(chx,xbuf,chy,ybuf,sr,fr,xey) -§
c w
c -
c reads starting sr finnishing fr: chx-->xbuf, chy-->ybuf -
c if xey sets ybuf=xbuf -- no chy exsists :g
c
c =
implicit none Qﬁ
integer chx,chy,nrcds,sr, fr,i w
byte xbuf(abs((fr-sr+l1)*512)),ybuf(abs((fr-sr+l)*512))
logical xey o
c 8
c
call rrec(chx,xbuf,sr, fr) !! read x's records .
: ;
if (xey) then 11 xey-->set y=x
nrcds=fr-sr+l B
do 200 i=1,nrcds*512 gr
200 ybuf (i)=xbuf (i) ‘-
else
call rrec(chy,ybuf,sr,fr) !! else read y's records ™
endif é‘ !
c
return _
end i‘
¢ %
c
c :
c "
¢ wl
subroutine rrec(ch,buf,sr, fr) _
c o
c reads fr-sr 512 byte records from ch to buf, starting at i
c record sr finishing at fr
c .
implicit none 52
integer sr,fr,ch,ios,i,s,] '
byte buf(abs((fr-sr+l1)*512)), temp(512) .
c e,
c e
if (sr .gt. fr) then !'! starting record after
i0s=999 !! ending record o
goto 200 vy
endif o
¢ 168 LY
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do 100 iwsr,fr t!1 read records sr...fr
¢
ﬁl read(unit=ch,rec=i,err=200,iostat=ios)temp
s=(i-sr)*512 !t put read buffer in
£ do j=1,512 '1 return variable, buf
;3 buf(j+s)=temp(j) 1t 512 bytes/record
N enddo
c
'.00 continue
M
return
EPOO call prterr('rrec err',ios) !! print errors
return
end
"
o.‘ v
e
c
T subroutine wrec(ch,buf,sr,fr)
e
i
it writes buf to ch in 512 byte records --
o] starting at record sr, finnishing at fr
c
o implicit none
|i integer s,ch,sr,fr,ios,i,j

byte buf(abs((fr-sr+l)*512)),temp(512)

if (sr .gt. fr) then !! starting record after
ios=999 !t last record

' go to 200
_' endif

c

~ do 100 iwsr,fr !'! write records sr...fr
"

; gm(i-sr)*512

do j=1,512

E temp (j)=buf(j+s) 11 £ill write buffer --
' enddo !'! 512 bytes/record

c

jﬁo write(unit=ch,rec=i,err=200,iostat=ios)temp

~ return
. b‘

200 call prterr('wrec error',ios) !'! print errors

Iﬁ return

~ end

¢

-
g

S
n.‘.'
3

c terminal i/o routines
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%
qoc
¢
A e

06000

300

subroutine otstr(str,nlf)

prints str, on the current line, followed by nlf cr/linefeeds

implicit none
integer nlf,1
character*(*) str

write(6,100)str !! prints string to terminal
format(lh+,a,$)

if (nlf .1t. 1) return '! prints 1lf's
do 200 1=1,nlf

write(6,300)

format(' ')

continue

return

end

subroutine gtstr(pt,var,n)

gets a string from the terminal -- prompts w/ pt, var=string
var has length n<101l

implicit none
character*(*) pt,var
integer n,i,nchrs
character*100 invar

iemin(len(var), index(var,' '))
write(6,100) pt,var !t write prompt, default
format(' ',a,' (',a<i>,'):',$)

read(5,200)nchrs, (invar(i:i),i=1,nchrs) !! read srting
format(q,100al)

if (nchrs .eq. 0) return 11 return default

do 300 i=1,n

var(i:i)=" "

if (i .le. nchrs) var(i:i)=invar(i:i) 11 £ill return variable
return

end

subroutine gtint(pt,igr,mx,mn)

gets integer from terminal -- prompts user w/ pt, accepts
igr in range (mn,mx)

| S O

o

b3 1

SN

il

LI
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c
implicit none
= character*10 itstr
. integer igr,mx,mn,it,nchrs,i,lmn, lmx
character*(*)pt
{-\:
- i=2+max(1l,int(loglO(abs(float(igr))+. l)))
- write(6,100)pt,igr write prompt, default
100 format(' ',a,' (',i<i>,'):',$)
~200 read(5,400)nchrs, (itstr(i:i),i=1,10) 1! get string
400 format(q,10al)
-\.'
~; if (nchrs .eq. 0) return 1! take default if no
“e 1! entry
- call s2i(it,itstr) 1! convert str-->int
o if ((it .le. mx) .and. (it .ge. mn)) then 11 check range
igr=it
e return
o endif
=~ lmn=2+max (1, int(loglO(abs(floatj(mn))+.1)))
- Imx=2+max(1l,int(loglO(abs(floatj(mx))+.1)))
5} write(6,300)mn,mx t! not in range
+300 format(' The (min,max)are (',i<lmn>,',',6 i<lmx>,') -- reenter:',$)
go to 200
> end
c
s
e subroutine s2i(itr,str)
c converts string -- str -- to integer -- itr.
‘_ implicit none
integer a,l
o integer itr,i,j,temp,pt
o~ character*(*) str
temp=0
I\. pt=1
., l=len(str)
c
A do 100 i=0,1-1 11 itr=sum{str(i)*10%x*i}
BN a=ichar(str(l-i:1-1i))
- if (a .eq. 48) go to 200 11 a='0"
' if (a .eq. 45) go to 300 1 ogm'-!
o if ((a .lt. 49) .or. (a .gt. 57)) go to 100 !! a not in 1--9
~ temp=temp+pt*(a-48)
00 pt=pt*10
ﬁfO continue
N itr=temp
-~ return
00 itr=-temp
return
end

”m
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subroutine gtrel(pt,rel,mx,mn)

gets real*4 from terminal -- prompts user w/ pt, accepts
rel in range (mn,mx)

implicit none
character*10 rlstr
real*4 rel , mx,mn,rl
integer nchrs,i,lmx,lmn
character*(*)pt

write(6,100)pt,rel !! write prompt, default
format(' ',a,’ ('.f<S+max(1,int(loglO(abs(rel)+.l)))>.3,'):',$)

read(5,400)nchrs, (rlstr(i:i),i=1,10) !l get string
format(q,10al)
if (nchrs .eq. 0) return !'' take default if no
!'! entry
call s2r(rl,rlstr) 'l convert str-->int
if ((rl .le. mx) .and. (rl .ge. mn)) then !t check range
rel=rl
return
endif

Ilmx~=5+max(l, int(loglQ(abs{(mx)+.1)))
lmn-5+max(1,int(loglO(abs(mn)+.l)))

write(6,300)mn,mx !! not in range
format(' The (min,max)are (', f<lmn>.3, ', ', f<lmx>.3,")
-- reenter:',$)
go to 200
end

subroutine s2r(r,str)
converts string -- str -- to real -- r,

implicit none
integer a,l,1i,]
real*4 r,temp,pt
character*(*) str

24-FEB-1986 12:28

temp=0.
pt=1.
l=len(str)
do 100 i=0,1-1 'V oitr=sum(str(i)*10%*i)
a=ichar(str(l-i:1-1))
if (a .eq. 45) go to 300 1 oa='-t
if (a .eq. 48) go to 200 11 a='0"'
172
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&
h if (a .eq. 46) then 1y oa='
y temp=temp/pt
H pt=1.
go to 100
endif
o if ((a .lt. 49) .or. (a .gt. 57)) go to 100 !! a not in 1--9
. temp=temp+pt*float(a-48)
] ~°200 pt=pt*10.
100 continue
r=temp
I'm
return
C
%300 r=-temp
e
c
g return
. end
c
e
Rt
c
s subroutine clrscrn
AN clears the screen
c
“ byte sbuf(4)
sbuf(1l)=27 ! ESC
- sbuf(2)=91 ! |
b .7 sbuf(3)=50 ! 2
N sbuf(4)=74 ' J

write(6,100) (sbuf(i),i=1,4)
format(lh+,64al)

-

. return
' end

c
F B
- logical function gtyes(pt)
kg .©
K Ej prompts user w/ pt, returns .true. if 'yes'
y
implicit none
kﬁ character ystr
N character*(*) pt
b c
7, gtyes=.false.
{& write(6,100) pt ! write prompt
Moo  format(' ',a,$)
read(5,200) ystr !l get response
»200 format(al)
T if ((ystr .eq. 'y') .or. (ystr .eq.'Y')) styes=.true.
return !. true if first
vl end !1 character is y or Y

N 173
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v c
f: subroutine prterr(msg,ios) e
v e -
R prints runtime error codes "—'
j. ¢
‘ character*(¥*) msg ’ ::
i integer ios "5
' G
:‘; write(6,100) msg,ios !l write message and code -,
: 100 format(' ',a,':',i4) !t to terminal "_3
..‘ c !
- return
-« end a
‘?‘\ _‘_’4‘
'«; real function log_likelihood_ratioc ( type, amplitude)
P -
w real amplitude N
. integer type
N real besseli0 o
oo -~
:‘; c Adec log likelihood ratio. Pfa = le-4, Pd = .5
- log_likelihood_ratio = log ( besseliO ( amplitude)) - .5 B
. end
- subroutine maktra ( bin, amplitude, type)
o i
'\-: implicit none
) o
real amplitude é,‘
» integer bin
o real log_likelihood_ratio -
- integer type o
: 2
: integer ida 7 0/
. include 'tracks.inc'’ F
kX t_frequency ( free_entry) = bin .
e t_frequency_rate ( free_entry) = 0. N
::- t_log_likelihood ( free_entry) = Y
y 1 log_likelihood_ratio ( type, amplitude)
. t_adaptive_amplitude ( free_entry) = amplitude W,
o t_age ( free_entry) = 0 "é
o~ t_dcell ( free_entry) = 0
‘o t_type ( free_entry) = type
. t_detection_flag ( free_entry) = 0 -4
, t_id ( free_entry) = id
a
j": id = id + 1 "<
1) free_entry = free_entry + 1
o v
= end 174 »
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. subroutine merge ( merge_gate, rate_gate) ]
i implicit none

real merge_gate
- real rate_gate
L integer other_track

integer track
A include 'tracks.inc’
N
N

1

e f
3
s
3
Y

]
.
PR I N

SET Rt

y
!
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y
)
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do track = 2, number_of_tracks

o -
~ 3
a 8 A 2 AN

! do other_track = track - 1, 1, -1
if ( t_frequency ( track) .lt. 0) goto 1000
if ( t_frequency ( other_track) .lt. 0) then ! deleted track

else if ((( t_type ( track) .eq. weak) .and.

K.
:’ 1 ( t_type ( other_track) .eq. strong)) .or.

e 1 (( t_type ( track) .eq. strong) .and.

’: 1 ( t_type ( other_track) .eq. weak))) then

.I‘

S: else if ( t_frequency ( track) - t_frequency ( other_track)
* 1 .gt. merge_gate) then

goto 1000

v
L4

o 7 doige
H

else if (( t_type ( track) .eq. edt) .and.
( t_type ( other_track) .eq. edt)) then

™ if (( t_age ( track) .eq. 1) .or.

4 1 ( t_age ( other_track) .eq. 1)) then

-«
.- call domerg ( track, other track)

S

“ else if ( abs ( t_frequency_rate ( track) -

' 1 t_frequency_rate ( other_track)) .le. rate_gate) then

call domerg ( track, other_track)

Lrerair

LI

end if

else

§k call domerg ( track, other_track)
N

|3 end if

™

v end do

by

% 1000 continue

3; end do

o

::b call compress

Lﬁ end

" subroutine newtra ( fft_amplitude, fft_associated, max_fft bin_number,
%h 1 threshold)

¢E implicit none

‘A real fft_amplitude ( 1)

jh' logical*l fft_associated ( 1)

oy integer max_fft_bin number

f& real threshold ( 1)

La
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integer bin
logical*l looking_for_downslope

include 'tracks.inc'
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9
js: looking_for_downslope = .false. ﬁ:
) do bin = 1, max_fft_bin number - 1 .
C!a "

if ( £ft_amplitude ( bin) - £ft_amplitude ( bin + 1) .gt. 0) -

g 1 then
“Jl A
:ﬂ if ( looking_for_downslope) then o
\_\ Ay
K{ if ( fft_amplitude ( bin) .lt. threshold ( weak)) then .
ol else if ( fft_associated ( bin)) then bl
[,

: else if ( £ft_amplitude ( bin) .gt. threshold ( strong)) ?\.3
Y 1 then '
i i
call maktra ( bin, fft_amplitude ( bin), strong)

L

-: else &
S

;g call maktra ( bin, fft_amplitude ( bin), weak) §§
\

\

» end if

_

= end if -
- v,
.f.' else

’. ro
bl looking_for_downslope = .true. ‘
end if o
tl §8
; end do

’ call compress :ﬁ
- v ]
& end

3' subroutine smooth ( dynamic_tracking_ threshold, faca, alpha, beta,

i 1  max_fft_bin number) @
t. implicit none

‘:: L]
- real alpha ( 0:%) "k
< real beta ( 0:%)

- real dynamic_tracking_threshold o
< real faca 41
X integer max_fft_bin_number -
A "
’ integer i -j
> integer track S

P
o

.
LA A

include 'tracks.inc'
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o

& - do track = 1, number_of_ tracks

P .

; i i = faca * t_adaptive_amplitude ( track)
if (1 .1t. 0) then

1 I 1=0

4 - else if ( i .gt. 31) then

& i=31

d if
.! en

if ( t_dcell ( track) .ne. 0) then
t_frequency ( track) = t_frequency ( track) +

o 1 alpha ( i) * t_dcell ( track)

|\.‘

’ if ( t_adaptive_amplitude ( track) .ge.

~ 1 dynamic_tracking_threshold) then

.

! t_frequency_rate ( track) = t_frequency_rate ( track) +
1 beta ( 1) * t_dcell ( track)

o end if

¥’

end if

‘. t_frequency (track) = t_frequency ( track) +

. 1 t_frequency_rate ( track)

oy if (( t_frequency ( track) .gt. max_fft bin number) .or.
1 (t_frequency ( track) .1lt. 1.)) call deltra ( track)

- end do

o« call compress

I' end

" subroutine sort

- implicit none

Ol

. integer trackl
integer track?2

oy

o include 'tracks.inc'

- do trackl = 1, number_of tracks - 1

2 do track2 = trackl + 1, number_of_tracks

if ( t_frequency ( trackl) .gt. t_frequency ( track2)) then

call swap_real ( t_adaptive_amplitude ( trackl),

1 t_adaptive_amplitude ( track2))
‘i call swap_integer ( t_age ( trackl), t_age ( track2))
y call swap_real ( t_associated_amplitude ( trackl),
N 1 t_associated_amplitude ( track2))
o
call swap_real ( t_associated_cell ( trackl),
ij 1 t_assoclated _cell ( track2))
] 179
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call swap_real ( t_dcell ( trackl), t_dcell ( track2))

call swap_logicall ( t_detection_flag ( trackl),
1 t_detection_flag ( track2))

call swap_real ( t_frequency ( trackl),
1 t_frequency ( track2))

call swap_real ( t_frequency_rate ( trackl),
1 t_frequency_rate ( track2))

call swap_integer ( t_id ( trackl), t_id ( track2))

call swap_real ( t_log_likelihood ( trackl),
1 t_log_likelihood ( track2))

call swap_integer ( t_type ( trackl), t_type ( track2))

end if
end do
end do

end
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subroutine swap_real ( x, y)

real X
real y

real z
zZ =X
X =y
y=2z

end

subroutine swap_integer ( x, y)

integer x
integer y

integer z
zZ =X
X =y
y=z

end

subroutine swap_logicall ( x, y)

logical*l X
logical*l y

logical*l z
Z =X
X =y
y=2z2

end

subroutine update ( amplitude_smoothing constant, detection_threshold,
1 display_threshold, drop_threshold, log_likelihood max)

implicit none

real amplitude_smoothing_constant
real detection_threshold

real display_threshold

real drop_threshold

real log_likelihood_max

real log_likelihood ratio

real tll

real temp_real

integer track

o !
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X "4
,; include ‘tracks.inc' .
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Y
L do track = 1, number_ of_tracks
i t_log _likelihood ( track) = t_log_likelihood ( track) +
o 1 log_likelihood _ratio ( t_type ( track),
b - 1 t_associated_amplitude ( track))
N
5 t_log_likelihood ( track) =
: 1 min ( t_log_likelihood ( track) , log_likelihood max)
"
v
" tll = t_log_likelihood ( track)
g
) 3 if ( tll .le. drop_threshold) then
by )
- call deltra ( track)
t }3 else if ( tll .lct. display_threshold) then
d t% t_detection_flag ( track) = .false.
WY if ( t_type ( track) .eq. edt)
1 t_age ( track) = t_age ( track) +1
i
R else if ( tll .lt. detection_threshold) then
: ii if ( t_detection_flag ( track)) then
- t_age ( track) = t_age ( track) + 1
o
.o else

'
L3

S
[

1f ( t_type ( track) .eq. edt)
t_age ( track) = t_age ( track) + 1

s
3
e end if
&
b ™ else
g K if ( t_type ( track) .eq. edt) then
VT
s t_detection_flag ( track) = .true.
N }j t_age ( track) = t_age ( track) + 1
o
- else
) :22 t_type ( track) = edt
Lo t_age ( track) =1
4 t_detection_flag ( track) = .true.
" “d
d ‘ end if
)
4 2, end if
1 4?
p D temp_real = t_associated_amplitude ( track) -
v 1 t_adaptive_amplitude ( track)
g
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t_adaptive_amplitude ( track) = t_adaptive_amplitude ( track) +
1 temp_real / amplitude_smoothing_constant
end do
end
subroutine writestuff ( k, £ft_amplitudes,thr,pct,nop, fnam)
c
c
c writestuff calculates and displays several track parameters
c
c
c
c
c declarations
c
c
implicit none
real fft_amplitudes(512),level
real thr,pet,dif
integer*4 f1, fh,nom,noh,nmr, i, j,k,lun,nop
include 'tracks.inc’
character*80 fnam
c
c
c set up output file if kel
c
c
if (k.eq.l) then
lun=1
open(unit=lun, file=fnam,status='new',carriagecontrol='list’')
endif
c
c
c calculate average signal+noise level
c |
c -
level=0. Q
do i~1,512
level=level+fft amplitudes(i)
enddo 1
level=level/512. :
c
c .
c print header i
c L
c
c type 1000, k, number_of_ tracks §
C A
Cc1000 format ( /'OTrack table dump at line ',i3, ' contains ' i3,
o] 1 ' tracks.'/) g
C
c type 1005
c .
Cl005  format ( ' track det freq freq amp ass ass f1! q
C 1 ! fh diff 1level'/ .
c 1 ! # rate freq amp'/)
184 ‘3
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-

. if (number_of tracks.ge.l) write(lun,891) k
i'?l format(' (', 14)

c
L2
:? main loop
c
do 100 i = 1, number_of tracks
> N
c
e find £1,fh,diffusion
Y
e
ﬁ fh first
) j=t_associated_cell(i)
nmr=0
N noh=1
E— nom=0
776 J=j+1
.. if (fft_amplitudes(j).ge.thr*level) then
:{ noh=noh+1
- nmr=0
else
o nom=nom+1
- nmr=amr+1
if ((nmr.ge.2).and.(pct.ge.(float(noh)/float(noh+nom))))
. ox go to 777 ‘
5} endif 1
Al go to 776
777 continue
' j=j-1
- if ((fft_amplitudes(j).1t.thr*leve1).and.(j.ne.t_associated_cell(i)))
X go to 777
. fh=j
e
do f1

j=t_associated _cell(i)

py‘ nmr-o
» noh=1
o nom=0
178 j=j-1
< if (fft_amplitudes(j).ge.thr*level) then
1t noh=noh+1

nmr=0
‘- else
.ﬁ nom=nom+1

nmr=nmr+1
- if ((nmr.ge.2).and.(pct.ge.(float(noh)/float(noh+nom))))
i“‘ X go to 779
N endif

go to 778

w79 continue
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\ j=j+1 e
. if ((£ft_amplitudes(j).lt.thr*level).and.(j.ne.t_associated cell(i))) .
b+ X go to 779 i
b £1-] <

c e
| c
3 c find diffusion Ry

c al

(>.~~

c

dif=0
‘ do j=f1,fh %
. dif=fft_amplitudes(j)+dif R
- enddo
:' dif=dif/(float(fh-£f1l+1)) ?ﬁ
- &
'.

C type 1001, i, =
. c 1 t_detection_flag ( i), o
~» C 1 t_frequency ( i), Y
> C 1 t_frequency_rate(i),

» C 1 t_adaptive_amplitude (i), o
) C 1 t_associated_cell ( i), 51
# C 1 t_associated_amplitude ( i),

C 1 f1, s
GG : £, N
< C 1 dif,

C 1 level

C

C1001 format ( i4,15,f8.2,f8.2,£7.2,£8.0,£8.2,17,17,£7.2,£7.2) Ef

c
Y < D
o N
< C write stuff to output file -~
Y c
- &d

write(lun,b889) t_detection_flag ( 1), L‘

X 1 t_frequency ( i),
N 1 t_frequency_rate(i), X
b, 1 t_adaptive_amplitude (i), A
9 1 t_associated_cell ( i), ™
W 1 t_associated amplitude ( i),
& 1 £1, k=
1 fh, NG
N 1 dif,

" 1 level -
< 889 format ( '(',15,f8.2,£f8.2,£7.2,£8.0,£8.2,i7,17,£7.2,£7.2,")") R
g c ‘
Y o¢ i
Coe !

c
x. c “"
f’ iOO continue b3
r if (number_ of_ tracks.ge.l) write(lun,890) i
890 format(')") o
. ¢ 4
. c 186
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-

close output file

\
iC if (j.eq.nop) close(unit=lun,status='keep')

end
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JHJLIB.INC

integer*4
parameter

integer*4
parameter

integer¥4
parameter

integer*4
parameter

integer*4
parameter

integer*4
parameter

integer*4
parameter

integer*4
parameter

integer*4
parameter

integer*4
parameter

integer*4
parameter

integerx4
parameter

integer*4
parameter

integer*4
parameter

integer*4
parameter

integer*x4
parameter

integer*4
parameter

integer*x4
parameter

integer*s4
parameter

ap_max_address
( ap_max_address = 16383 )

array_processor
( array_processor = 2 )

askfle_1
( askflt 1 = 1)

askflt_luv
( askflt_luv = 7 )

askflc_lv
( askflt_lv = 5 )

askflt_lu
( askflt_lu = 3 )

askflt_nodefault
( askflt_nodefault = 0 )

askflt u
( askflt_u = 2 )

askflt_uv
( askflt_uv = 6 )

askflt v
( askflt v = 4 )

askint_1
( askint_1 = 1)

askint_luv
( askint_luv = 7 )

askint_lv
( askint _lv = 5 )

askint_lu
( askint_lu = 3 )

askint_nodefault
( askint_nodefault = 0 )

askint_u
( askint_u = 2 )

askint_uv
( askint_uv = 6 )

askint_v
( askint_v = 4 )

complex_floating

( complex_floating = 3 )
188
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o

integer*4 complex_integer
parameter ( complex_integer = 4 )
integer¥4 memory
parameter ( memory = 1 )
integer*4 read_access
parameter ( read_access = 1 )
integer*4 real_floating
parameter ( real_floating = 1 )
integer*4 real_integer
parameter ( real_integer = 2 )
integer*4 write_access
parameter ( write_access = 2 )
real amplitude_smoothing constant
real association_gate_min ( 3)
real associlation_gate_max
real association_gate_slope ( 3)
real association_threshold
real detection_threshold
real display_threshold
real drop_threshold
real dynamic_tracking_threshold
real faca
real log_likelihood_max
integer max_fft bin number
real merge_gate
real new_track_threshold ( 3)
real rate_gate

common / param /
amplitude_smoothing constant,
association_gate_min,
association_gate_max,
association_gate_slope,
association_threshold,
detection_threshold,
display_threshold,
drop_threshold,
dynamic_tracking_threshold,
faca,

log_likelihood_max,

max_fft _bin_number,
merge_gate,
new_track_threshold,
rate_gate

el el el al el el el el el el el

tracks.inc

integer edt

parameter ( edt = 3)

integer max_tracks
parameter ( max_tracks = 400)

. | "o \,\_F'-'.' M YA



- - a cal e 2ode e Sl xe o st Mo Bte S AL Al RSl i dioiifihntiedid ettt

BN _DRA2: [DANIEL]HP.TMP;2 24-FEB-1986 12:30
LN
- integer strong
z\: parameter ( strong = 2)
Yol integer weak
.- o parameter ( weak = 1)
. . ]
1o integer free_entry
,;3 integer number_of_tracks
A real t_adaptive_amplitude ( max_tracks)
R integer t_age ( max_tracks)
';{ real t_associated_amplitude ( max_tracks)
. real t_associated_cell ( max_tracks)
s real t_dcell ( max_tracks)
R logical¥l t_detection_flag ( max_tracks)
W real t_frequency ( max_tracks)
N real t_frequency_rate ( max_tracks)
" integer t_id ( max_tracks)
real t_log_likelihood ( max_tracks)
ﬁ\; integer t_type ( max_tracks)
‘;{i common / tracks/
o
o 1 free_entry,
1 number_of_tracks,
Ok 1 t_adaptive_amplitude,
. 1 t_age,
L) 1 t_associated_amplitude,
- 1 t_associated_cell,
et 2 1 t_deell,
' 1 t_detection_flag,
ny 1 t_frequency ,
‘%. 1 t_frequency_rate,
" 1 t_id,
b" 1 t_log_likelihood,
1 1 t_type
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>
~.0 amplitude_smoothing constant
3.0 association_gate_min
ﬁ .0 association_gate_max
.0 association_gate_slope (weak)
0.5 association_gate_slope (strong)
\9.5 association_gate_slope (edt)
2.25 association_threshold
.5 old_track_pd
le-4 old_track_pfa
.0 delta_display_threshold from_detection_threshold
.25 dynamic_tracking_threshold
4.0 faca
o40.017 log likelihood _max
x?12 max_fft_bin_number
“5.0 merge_gate
0.5 rate_gate
x0.03 new_track_pfa
o
b
RS
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